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Abstract
The purpose of this study is to gain understanding of the dynamics of the
processes that degrade Perchloroethene (PCE) to ethylene, or carbon dioxide (COz);

within the confines of a constructed wetland. A system dynamiés approach will be used.

_ This model is focused on identifying and optimizing the naturally occurring processes in

stratified wetland sediment that reduce mass, toxicity, mobility, volume or concentration
of contaminants in groundwater.

Contaminant fate and transport within a wetland system is an extremely complex
and dynamic process. The entities and mechanisms that drive wetland behavior are
dynamic. The system dynamics process is favored over other modeling processes for this
study as it develops insight into the behavior of the system as a whole versus one
influential mechanism in the system. |

Confidence in the model was built through veriﬁcaﬁon and testing; Reasonable
behavior resultéd from a reasonable range of parameter values. The structure of the
model represents the mechanisms and their interactions of an actual wetland system.
This study provides a fundamental understandihg of contaminant fate and transport in a
constructed wetland and gives some insight for implementation. Testing identified
specific parametérs of typical wetland plant species, which could be optimized to have

the most effect on contaminant fate. These parameters were the radius of aerobic

influence and the number of roots per square meter. A remediation manager can use this

model to explore system behavior by controlling or optimizing specific parameters to
better manage contaminant fate and transport in a constructed wetland, saving time and

resources.
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MODELING CHLORINATED ETHENE REMOVAL IN CONSTRUCTED
WETLANDS: A SYSTEM DYNAMICS APPROACH
I. Introduction

The purpose of this study is to gain understanding of the dynamics of the
processes that degrade Perchloroethene (PCE) to ethylene, or carbon dioxide (CO?),
within the confines of a constructed wetland. A system dynamics approach will be used.
This model is focused on identifying and optimizing the naturally occurring processes in
stratified wetland sediment that reduce mass, toxicity, mobility, volume or concentration
of contaminants in groundwater. These processes include biodegradation, dispersion,
dilution, adsorption, volatilization, and chemical or biological stabilization or destruction
of contaminants (Lee et al., 1998). This model will specifically concentrate on the
removal of Perchloroethene and its daughter products Trichloroethene, isomers of
dichloroethene and vinyl chloride, via biotic and abiotic processes within the sediment of
a constructed wetland:

A number of groundwater plumes of chlorinated solvents were discovered
beneath Air Force bases in the late 1970’s. Intense research into fhese situations
discovered this problem is endemic across the Air Force and. the Department of Defense.
The National Research Council (1994) estimated 7,300 sites at 1,800 locations, owned by
DOD, are contaminated (National Research Council, 1994) with chlorinated solvents.
Costs of cleanups are staggering. The Office of Manageme'nt and Budgét estimates the
cost of remediation at contaminated sites owned by bepartments of Defense, Energy,
Interior, and Agriculture and the National Aeronautics and Space Administration will

total between $234 and $389 billion over the next 75 years (Federal Facilities Policy




Group, 1995). However, use of solvents and degreasers is not declining. Global use of

chlorinated solvents trichloroethene (TCE), Perchloroethene (PCE), and 1, 1, 1-

trichloroethane (1,1,1-TCA) in 1994 totaled 900,000 metric tons, with the U.S. use

accounting for 40 percent of the tofal (Leder and Yoshida, 1995). Lower molecular
weight chlorinated hydrocarbons, paﬂiculérly TCE, were used as solvents in routine
maintenance or cleaning of everything from electronic parfs to jet engines, weapon
system components, and septic tanks. Chlorinated solvents were also used as
intermediates in chemical manufacturing and as carrier solventé for pesticides and
herbicides. Typically, they were stored in bulk, usually in large underground storage
tanks. As a result of their widespread use in industry, agriculture, commercial business,
and homes, chlorinated solvents are among the most common groundwater contaminant.
Nine of the 20 most common chemicals found in groundwater at Superfund sites are
chlorinated solvents (National Research Council, 1997). TCE is the contaminant most
commonly detected in groundwater (National Research Council, 1994), thereby, poéing a
threat to public health, ecosystem viability, and funds associated with environmental
protection and preservation due to the long persistence of the contaminant.

TCE is denser than water, is relatively insoluble, and will tend to migrate toward
the bottom of the groundwater aquifer where it will sorb and desorb onto the soil as it is
slowly carried by the groundwater flow. TCE is a suspected carcinogen, is very volatile,
and is readily removed by air stripping (Masters, 1997). Biodegradation is very slow and
will only occur if the conditions are conducive. The degradation pathway for TCE, under
anéerobic conditions, is to isomers of dichloroethene (DCE), 1,1 DCE, cis 1,2 DCE, or

trans 1,2 DCE. DCE has been used as a metal degreaser and in the manufacture of a




number of products, including vinyl chloride, fumigants, varnish removers, and soap
compounds. Although it is not a known carcinogen, exposure to high levels of DCE can
cause injury to the central nervous system, liver and kidneys (Masters, 1997). DCE is
slightly more water-soluble than TCE and is difficult to volatize. Further reduction of
DCE will commonly result in vinyl chloride. Vinyl chloride was once a household
cleaning agent, now more commonly uéed as grain fumigant, fire extinguisher, and
solvent. It is very toxic if ingested; only a few milliliters can produce death. It is very
persistent and is relativel}; insoluble in water. It is listed as-a probable human carcinogen
under the National Drinking Water Standards of 1987. The goal of bioremediation is to
biologically breakdown a hazardous contaminant to an innocuous end product. Vinyl
chloride can be converted to ethylene, carbon dioxide, or water, under the proper
environmental conditions.

Remediation can be dfvided into three general categories: 1) technologies for
solidification, stabilization, and containment; 2) technologies using biological and/ or
chemical reactions to destroy or transform the contaminant; 3) technologies which
separate the contaminant from the contaminated media, mobilize the contaminant and
extract it from the subsurface (National Research Council, 1997).

Solidification and stabilization focus on decreasing the mobility and/ or toxicity
of the contaminant by reducing the solubility, volatility, or medium permeability.
Generally, these processes are appropriate for shallow contamination and are for soil
treatment. Some of thé technologies are: asphalt batching, biostabilization, passive-
reactive barriers, enhanéed sorption, in situ soil mixing, and lime addition (National

Research Council, 1997). Containment technologies are designed to prevent contaminant




mo;'ement away from the zone of contamination through incorporation of physical or
hydraulic barriers. . Technologies include pump and treat systems, and low permeability
barriers utilizing slurry walls, sheet pile walls, and grout walls.

Biologicél and chemical processes transform the contaminant into a less harmful
product. Biological processes (bioremediation) rely on microorganisms to transform the
contaminant through varying reactions resulting in a degraded compound. Reactions may
be aerobic or anaerobic and can be direct or cometabolic. Environmental conditions
impact microbial metabolism and the addition of nutrients, enzymes, or substrétes may be
necessary to optimize conditiohs for degradation. Chemical processes transform the
compound through chemical reactions; these processes are used less than biological
treatment. Biological and chemical processes are the only methods that can completely
destroy an organic contaminant. Some biological treatment technologies are- biopiles,
bioventing and biosparging, composting, engineered in situ Eioremediation, and intrinsic
bioremediation (natural attenuation). Chemic-al proéesses include oxidation, incineration,
substitution and zero-valent ion barriers.

Separation, rﬁobilization, and extraction processes separate the contaminant from
thé soil particles, immobilize it into the aqueous phase or airspace in the soil voids and
extract the contaminant to the surface for treatment. These processes can use heat,
chemicals, vacuums or electrical current to separate the contaminant from the soil and
move it to an extraction zone (National Research Council, 1997).

If the chlorinated ethene contaminated groundwater is in contact with an
anaerobic environment (oxygen depleted zone), the contaminant can be‘ d.égraded through

microbial degradation (Sims et al., 1991). This process is called reductive




dehalogenation, and through this process, TCE can degrade into ethylene (Sims et al.,
1991). However, attaining the proper conditions for reductive dehalogenation is often
very difficult in aquifers due to their tjfpical structure and dynamic nature. Microbial
populations are constantly changing as a resultv of their consumption of organic matter
and respiration. One species’ waste may be another’s food source. Groundwater within
the aquifer may be aerobic or anaerobic, possibly occurring in microzones in close
proximity to one another. Oxygen levels are very crucial in determining the type of
microbial population and the type of degradation that can occur. Aquifers that are very
shallow or are dependent on seasonal recharge may ﬂuctuate many times over the year.
This fluctuation may create dormant periods for microbial populations, precluding
establishment of the stable population required for reductive dehalogenation. Often,
remediation methods in this situation concentrate on costly pump and treat containment,
soil vapor extraction, air sparging, or dual phase vacuum extraction. Although these
methods are generally effective, they are very expensive to install and maintain over the
course of many years required for treating the blume. The following table relates costs of

available treatment options at several remediation sites.

Table 1 Site Remediation Cost Comparison

Metric IBR/NA | ISB Recirculating ISBBarrier [PRB [P&T
$/ 1000 liters treated 32 .48 1.10 140 | 2.35
$7kg PCE removed 330 4380 1,100 1,400 | 3,500

Adopted from Quinton et al. IB A, Intrinsic bioremediation/ natural attenuation; ISB, in situ
bioremediation with recirculation; ISB Barrier, in situ bioremediation with downgradient biobarrier; PRB,
permeable reactive barrier; P&T, pump and treat.




Quinton et al developed a present-value model to provide a consistent basis for
cost and pérformance comparisons. The method is based on a template site with a
perchloroethene (PCE) plume 300m long by 120m wide. The model allows varying
depths of the water table, (up to 27m) and input variables including remediation duration,
estimated enginéering and flow/transport modeling cost, equipment costs, operations and
| maintenance costs, and monitoring costs.‘ Lee, Odom and Buchanan applied the model
comparing four primary technologies for remediating the plume. The technologies were, |
in situ bioremediation (ISB) involving substrate-enhanced anaerobic bioremediation
(utilizing source area recirculation system and downgradient biobarrier), intrinsic
bioremediation/ natural attenuation (IBR/ NA), in situ permeable reactive barrier (PRB;
zero valent iron wall technology), and simple pump and treat system (P&T) (Lee et al.,
1998). They calculated total system cost, cost per unit of contaminant removed and cost
per unit volume of groundwater treated over a period of 30 years. Results of their
analysis are reproduced in Table 1. Intrinsic bioremediation/ natural attenuation is the
least cost method and pump and treat is the most expensive. The use of constructed
wetlands to intrinsically bioremediate chlorinated solvents would also be less expenéive
than traditional pump and treat and would fall under t IBR/NA category in the Lee, Odom
and Buchanan model.

Natural treatment systems are similar to conventional treatment systems in that
both require energy to operate. However, énergy for conventional treatment systems is
typically of a nonrenewable fossil fuel. Natural treatment systems re(juire‘ the same
amount energy input for every kilogram of pollutant degraded as conventional systems,

but the source for energy is the sun, wind, rain, soil and biomass (Kadlec, 1996). The




driving cost for a natural treatment system is the amount of land required, whereas the
dﬁving cost of a conventional treatment system is the amount of energy required. Kadlec
and Knight illustrate this point with a simplified example: A conventional treatment
system requires about 2 ha of land, $427/d of high quality labor, energy, and chemical
input, for a capital cost of about $4,112,000. In contrast, a natural system requires 36 ha
of land, $123/d of high quality energies, and solar and wind energies which come with
the land for a capital cost of $3,664,000. Contaminant treatment through the use of
natural systems, like a constructed wetland, is a viable treatment option.

Wetlands are unique ecosystems whether they are constructed by man or Mother
Nature. Typically they are very diverse and rich with flora and fauna exclusively found
within a wetland environment. Wetlands have been used as water treatment systems for
many decades. Recently, natural wetlands have been observed to remove contaminants
from groundwater (Lorah and Olsen, 1999). Some contaminated groundWater plumes are
shallow and intersect wetland ecosystems on tﬁe surface in accordance with natural
groundwater flow. Wetlands formed with groundwater flow are called fens. The fens
create a very unique environmeht. The soils are very hydric and contain significant
amouﬁts of organic matter. In many cases, fens receive vertical groundwater flow from
an underlying aquifer. In these cases, the groundwater saturates the soil and if the
groundwater is anaerobic, creates anaerobic conditions.

Typically only the top six inches or less of sediment are aerobic, resulting from
the root zone of the hydrophytic plants indigenous to wetlands. Oxygen drives reactions
and micrébial processes within this region. Cometabolic degrédation, with enzymes

produced from the microbes, is the primary pathway for degfadation within this zone.




Methane monoxygenaSe is an enzyme produced by methanotrophs that live within the
oxic/ anoxic interface (Lontoh, 1998).

Within the anaerobic region there are various levels of reduction potential,
typically a function of depth. Various microbes thrive under the particular condition and
can degrade compounds accordingly. Methanogengsis is the most reductive condition
where microbes called methanogens degrade organic matter utilizing CO, as an eléctron
acceptor. Under these conditions, dehalogenating bacteria éan degrade PCE and TCE to
ethene or ethane (Sims et al, 1991; Vogel et al, 1987). Aberdeen Proving Grounds have a
similar situation and have shown remarkable results indicating TCE has been degraded to
non-detectable levels by natural attenuation without engineering enhancemenf (Lorah,
1999). In situations where contaminated groundwater is not near the surface and is not
intercepted by a natural wetland, a constructed wetland can be very effective. The
groundwater can be pumped into a constructed wetland, treated and introduced back into
the aquifer. In this study, this type of solution is investigated. System dynamics
modeling will serve to blueprint the chemical, biological and transport prdcesses ‘
degrading TCE within the wetland sediment in order to better understand the behavior of
the system and determine optimizing criteria for design. -

Problem Statement

In summary, the United States is faced with cleaning up contaminated
groundwater resulting from ignorance and poor management practices of the past.
Although there are many viable remediation technologies and each contaminated site is
unique and many times requires a unique solution, the use of a constructed wetland to

remove contaminants, particularly PCE, is a less costly, beneficial, efficient process that




decision makers should recognize as an alternative. In order to help better understand
this process and its viability; it is necessary to understand the dynamic degradation
processes associated with the operation of a constructed wetland, both in space and time.

The purpose of this thesis is to determine and explore the fundamental processes
within the wetland sediment responsible for the degradation of trichloroethylene and its
daughter products. This effort would serve as a foundation for a model, which eventually
would be utilized in the application of a coﬁstructed wetland for PCE removal, allowing
remediation managers to predict the performance over time and optimize controllable
parameters for degradation. Such a model would be useful to decision-makers when
discerning viable alternatives in groundwater remediation.

Research Questions

1. Can a system dynamics model be developed which can reasonably describe
contaminant fate and transport in a constructed wetland?

2. What processes within a constructed wetland are most significant in controlling
contaminant fate?

3. What combination of controllable parameters gives 6ptimum treatment results?

4. What parameters serve as limitations to the system over time and how can the
limitations be avoided?

Scope/ Limitations

This study will focus on the conditions necessary for dechlorination of PCE
within the sediment of the wetland. Dechlorination depends on the concentration of
contaminant, the microbial consortia present (methanogens, halorespirers, sulfate

reducing bacteria, etc.), and ability of the dechlorinating bacteria to compete for the




available hydrogen for dechlorination over microbes utilizing hydrogen in other electron-
acceptor reactions (Lee et al, 1998). Complete dechlorination will occur under
methanogenic conditions when competing electron-acceptors such as oxygen, nitrate,
nitrite, and sulfate are depleted (McCarty, 1996). The dynamic presence of these
compounds is very complex; therefore, this study will assume these substances have been
depleted within the sediment of the wetland. Controllable parameters within a
constructed wetland are dependent upon the phase of operation. In the construction
phase, influent ﬂow'rate, depth, organic content, soil porosity, and size will determine
retention time and therefore dechlorination potential. The flow characteristics will be

based on a uniform vertical flow, without boundaries in horizontal directions.
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II. Literature Review

Microbial remediation of chlorinated solvents can be accomplished using two
different approaches, engineered bioremediation or natural attenuation. Engineered
approaches generally focus on a single mechanism, aerobic or anaerobic biodegradation
(Lee et al, 1998). Natural attenuation is defined by the United States Environmental
Protection Agency as:

Naturally occurring processes in soil and groundwater environments that

act without human intervention to reduce the mass, toxicity, mobility,

volume, or concentration of contaminants in those media. These in situ

processes include biodegradation, dispersion, dilution, adsorption,

volatilization, and chemical or biological stabilization or destruction of

contaminants (USEPA, 1997).

Conditions for natural attenuation are dependent on solvent concentraﬁon, the
presence of dechlorinating bacteria, and the absence of impacted receptors. This sfudy
looks at a combination of engineered bioremediation and natural attenuation. Although
the focus is on using a constructed wetland to treat groundwater contaminated with PCE,
once the contaminated water is introduced into the wetland, human intervention ceases
and the dechlorination process should occur as if the wetland was fed naturally from an
underlying aquifer.

High costs of using other methods of remediation spurred investigation of
microbial degradation of organochlorines. Within the last 15 years, studies have shown
that aerobic and anaerobic bacteria can use carbon and energy from chlorinated

compounds (Lee et al, 1998). Dechlorination as a result of abiotic processes is not

11




possible within the one to two decade time span of concern in remediation (McCarty,
1997; Vogel and McCarty, 1987; Vogel et al, 1987). Furthermore, 1,1 ,1-trichloroethane
and carbon tetrachloride are the only majorvchlorinated solvents that can be transformed
abiotically in groundwater under likely conditions, while many bacteria can cause the
release of chloride from aliphatic and aromatic organochlorines to produce nontoxic
metabolites. |

Microbial Processes

Dehalogenation of chlorinated solvents can be classified into four broad areas:
energy-yielding solvent oxidations, co-metabolic oxidations, energy-yielding reductions,
and co-metabolic reductions (Lee et al, 1998).

Energy-yielding Solvent Oxidations

Energy-yielding solvent oXidations enhance microbial growth as the chlorinated
solvent acts as the sole source of carbon and energy. Generélly these processes occur
under aerobic conditions. Vinyl Chloride, a daughter product of DCE and TCE, can be
mineralized to CO, by Mycobacterium SP-> Rhodococcus SP-> Actinomycetales SP-» O
Nitrosomonas Sp- (Lee et al, 1998). In most conditions however, increasing the number
of the halogen substituents relatively oxidizes halogenated aliphétic compounds. The

more halogen substituents, the more oxidized the compound and therefore the more

- susceptible the compound is to reduction (Vogel et al, 1987). This explains the resistance

of TCE to degrade in aerobic conditions, the compound is highly oxidized already and
there is little energy to gain by further oxidation. Interestingly, the more chlorinated
ethenes are dehalogenated faster than the less halogenated ones (Haston and McCarty,

1999).

12




Co-metabolic Oxidations

Co-metabolic oxidations generally occur under aerobic conditions as well.
Typically, these processes are the result of enzymatic action that is intended for other
processes. For instance, TCE can be degraded via the activity of the methane
monooxygenase (MMO) system of methanotrophic bacteria (Chapelle, 1993). This is an
enzyme system that caté]yzes the incorporation of molecular oxygen into methane to
produce methanol. TWO types of MMO have been identified, membrane soluble and
membrane insoluble. Both fbrms can degrade TCE (Chapelle, 1993). Unfortunately, the
degradation process is not completely understood. Methanotrophs partially oxidize
methane, using NADH as an electron carn'er and the enzyme MMO. MMO incorporates
oxygen and acts as the catalyst to produce methanol. NADH acts as the reducing power.
Following this step, methanol is convertéd to formaldehyde by methanol dehydrogenase,
which is then converted to formate by formaldehyde dehydrogenase. The last step is the
oxidation of formate by formate dehydrogenase, with NAD" acting as the electron carrier.
The NAD" picks up hydrogen in the reaction and recycles NADH, to form methanol,
yielding a continuous cycle in the presence of methane. However, in the degradation of
TCE, the NADH is not regenerated, and the process becomes self-limiting (Chapelle,
1993). This can be overcome by limiting the amount of methane (Lanzarone and
McCarty, 1991) or by pulse feeding of methane (Semprini et al, 1990). Feeding the
microbes builds up the intracellular NADH levels and MMO activity. During the pulse

feeding, TCE is fortuitously degraded.
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Energy-yielding Reductions

Energy-yielding reductive bacteria (halorespirers) are distinct from the anaerobic,
co-metabolic dechlorinators found among the sulfate reducers and methanogens. Some

of the known species are Desulfomonile tiedjei, Dehalococcides ethenogenes,

Deusulfitobacterium resrictus, and Dehalospirillum multivorans (Leeetal, 1998). In

dehalorespiration, bacteria gain energy by reductive dechlorination (using the chlorinated
compound as an electron acceptor). The anaerobic process yields chloride, ethene,
ethane and carbon dioxide as sole degradation products. Discovery of halorespiring
bacteria should be no surprise. Bacteria have been inhébitants.of the earth since geologic'
time began. Many chloﬁﬁated compounds result from natural prbcesses; TCE and PCE
are emitted during volcanic eruptions (Hoekstra and DéLeer, 1995). Therefore microbial
dehalogenation should appear as another microbial adaptation to an available cari)on and
energy source. Dependiﬂg on the species, some of these bacteria may produce ciS-DCE
as a final end i)roduct or may completely dechlorinate to ethene. These microbial
processes show that oxygen is not required to effect complete dehalogenation and that
because the microbes can gain energy from the solvents, contaminated groundwater
plumes may be self-enriching for the bacteria. |

Co-metabolic Reductions

Co-metabolic reductive dehalogenation is performed by many types of anaerobic '
bacteria, including certain species of methanogens, sulfate-reducing bacteria, and novel
bacteria that don’t fall into either category, that are able to reductively dehalogenate PCE
and TCE (Bagley and Gossett, 1989). PCE is fully chlorinated and therefore cannot serve

as an electron donor for any aerobic or anaerobic bacteria (Lee et al, 1998). TCE is able
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to give up one electron and can be reduced by micrqbes in anaerobic conditions,
especially methanogens and sulfate reducing bactéria. This process is co-metabolic and
is not energy yielding because only a small fraction of the total reducing equivalents
derived from the oxidation of electron donors is used to reduce the solvent (Bagley and
Gossett, 1989). These co-metabolic reactions are thought to be side reactions, not really
affecting the original process. ‘However, in extremely reducing environments, such as a
wetland or landfills (high metﬁanogenisis and/or sulfate reducing rates), the co-metabolic
reactions can be significant (Lee et al, 1998).

Optimizing conditions may be achieved by incorporating a combination of

CO,
Aerobic Zones

o, + CHI +0, "~ Direct Oxidation

Methanotrophic Cometabolism TCE, cis-DCE, VC

Ethylene
Anaerobic Zones CH, _ ve /
i i . .
Mothanogenesis /v cis DCE Reductive Dehalogenation
Organics (H,) / TCE
PCE

Figure 1 The interplay between different biochemical mechanisms operating within a continuum of
aquifer conditions from aerobic to strictly anaerobic. Where oxygen is present, current data suggest that
vinyl chloride and perhaps dichloroethene can be oxidized directly to carbon dioxide and chloride.
Alternatively, at the interface between aerobic and anaerobic micro-environments where methane and
oxygen are co-incident, co-metabolic oxidations convert chlorinated ethenes to carbon dioxide and chloride.
Within strictly anaerobic environments where organic electron donors or hydrogen are present, reductive
dehalogenation is the predominant mechanism yielding ethene and chloride. Adapted from Lee, Odom and
Buchanan (1998).
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aerobic and anaerobic processes to complement each other in order to accomplish
complete degradation. PCE and TCE are highly chlorinated. The molecules are very
staBle and are not willing to donate electrons in an aerobic environment. However, as
discussed above, these compounds can be dechlorinated under highly anaerobic
conditions. Complete dechlorination will occur in m.ethanogenic conditions only when
competing electroﬁ acceptors such as oxygen, nitrate, nitrite, and sulfate have been
depleted (Lee et al, 1998). Under these conditions, PCE and TCE can degrade to ethene
and ethane. New studies indicate that CH, can also be a significant end product (Bradley
and Chapelle, 1999). A diagrarh from Lee, Odom and Buchanan illustrates this concept
in Figure 1.

The availability of different electron acceptors can have a positive or negative
impact on chlorinated solvent degradation. Often the amount of electron donors is
insufficient to fully degrade PCE or TCE. Studies have shown that many different
electron donors can sustain reductive dehalogenation in anaerobic environments
(Smatlak, 1996, McCarty, 1997bj. Nonchlorinated aromatic hydrocarbons can act as
electron donors and microbe substrates. Research has shown that microbially catalyzed
transformation reactions can occur which couple the oxidat.io.n\ of petroleum
hydrocarbons to reduction of chlorinated solvents (Liang and Gribic-Galic, 1993).
Additionally, hydrogen is produced by the breakdown of complex materials and
intermediates (acetogenic processes and fermentation) and is used by the microorganisms
in the reductive dechlorination process.

There is evidence that hydrogen is a key electron donor in the dehelogenation of

¢is-DCE and VC to ethylene (Yang and McCarty, 1998). The dehalogenating organisms
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compete for the electrons in hydrogen with organisms using other electron acceptors,
such as hydrogen-utilizing methanogens, homoacetogens, and sulfidogens (McCarty,
1997b). Smatlak et al. reports that the dehalogenators compete intensively with
methanogens for hydrogen. The dehalogenating bacteria have the ability to use H, at
lower levels where methanogenesis ceased. However, at higher levels of H,, the
methanogens out-compete the dehalogenators for the hydrogen and dechlorination
stagnates (Smatlak, 1996). They found that deliberately choosing an electron donor
whose fermentation results in a slow, steady, low-level release of hydrogen favored
dechlorination.

- In some instances facultative organisms may be grown aerobically and then will
degrade solvents anaerobically. The more highly chlorinated compounds are more
energetically favorable electron acceptors than are nitrate, sulfate, or carbon dioxide

| (Vogel et al., 1987). Methane generation in anaerobic zones can provide the carbon and
energy source for dehalogenation of TCE, DCE and VC in subsequent aerobic' Zones.
Direct oxidation of VC or DCE with molecular oxygen or ferric iron can also occur in
zones vﬁth higher redox potential. Therefore, reduction of highly chlorinated compounds
such as TCE is a dynamic multi-mechanism process where ethene, ethane, carbon
dioxide, and methane can be a significant pfoduct of chloroethene degradation as a result
of methanogenic activity in sediment (Bradley and Chapelle, 1999).

Iron Reduction

Iron reduction of polychlorinated ethenes has recently been proven as an
additional degradation pathway under anaerobic and in some instances, aerobic

conditions (Bradley and Chapelle, 1996,1997). Unfortunately, when PCE is the primary
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contaminant, the only daughter products which can be degraded, are DCE and VC (TCE
may degrade under these conditions, but there is little evidence to support it). Iron
reduction is an oxidation/reduction process; micro.organisms can reduce available Fe(Ill)
while oxidizing chlorinated ethenes (Lovely, 1991). In contaminated anaerobic
groundwater environments, Fe(Il) is the most abundant potential electron acceptor for
organic matter decomposition (Lovely, 1991).‘ Fe(IIT) reduction can cause inhibition in
sulfate reduction and methane production zones. This is a result in the decrease in the
amount of available electron donors for the sulfate reducers and the methanogens.
Depending on the type of soil and the form of available Fe(II), inhibition can vary from
50-100% (Lovely, 1991).

Generally, groundwater contamination with chlorinated ethenes will develop an
anaerobic condition. If the conditions are reducing enough to generate methane,
chlorinated ethene reduction can occur. As stated previously, compounds with all sites
filled with chlorines require increasing reducing conditions, PCE, the most chlorinated,
requires the most reducing condition to degrade. Conversely, as the ethenes become less
chlorinated, they are more suséeptible to oxidation. It is this facet that allows the
degradation of DCE and VC via the Fe(IlI) reduction pathway. Bradley and Chapelle '
(1996) provide the first evidence that vinyl chloride can be oxidized under anaerobic, Fe
(I1I) reducing conditions. The same authors publiéhed kinetic information for DCE and
VC mineralization and found that the processes differed in that DCE mineralization
followed first order degradation kinétics while VC followed Michaelis-Menton

degradation kinetics (Bradley and Chapelle, 1997).
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Microbial bioremediation is not the panacea of treatments, but has significant
advantages if the concentration of contaminant is not toxic, microbial consortia are
present, and there is limited competition among the microbial consortia and other
electron acceﬁtors.

Microbial Kinetics

Classical kinetic modeling techniques for biological degradation follow the
Michaelis-Menton model for non-elementary reactions. Food utilization by the microbes

requires the use of an énzyme, resulting in the following stoichiometry:

: E+S—>E+P
Where E is the enzyme, S the substrate, and P is the product. The enzyme is not

consumed but lowers the activation energy or facilitates another reaction. This instance
may create a temporary, intermediate enzyme-substrate complex [ES].

E+S <y ES—»% E+P

A mathematically derived kinetic law for the above equation yields:

d[S] - kk,[S1LE],
dt k[S1+k,

This equation ié known as the Michaelis-Menton equation (Clark, 1996). k, is

given by

P = k, +k,
The Michaelis-Menton equation has some unique mathematical characteristics

that can be used to help determine the values of the kinetic constants. If there is a large
amount of substrate present, the denominator is approximated by k,[S], which will cancel

with k,[S] in the numerator. This creates a zero-order rate eXpression in which d[S)/dt is
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proportional to ky[E],. If the amount of substrate is very small, [S] becomes negligible

compared to ky, in the denominator, leading to a first order rate expression, where

o mm

This may be the case most likely encountered in this study, as the concentrations
of dissolved chlorinéted contaminants in the environment are relatively small.

The maximum dechlorination rate (kX) is dependent on the concentration of the
organisms performing the degradation. Haston and McCarty (1999) reported higher
maximum dechlorination rates in their batch studies than in batéh étudies by others,
comparable rates with column results of other authors, and lower rates fhan the expanded-
bed reaétor studies of additional authors. However, all the studies had varying
concentrations of dehalogenating organisms. Although Haston and McCarty’s half-
velocity values varied from other authors, théy wefe within reason and were compérable

to specific organism dehalogenation studies. Table 2 shows the half-velocity coefficients

(K,) and the maximum dechlorination rates (kX) for some chlorinated ethenes.

Table 2 Half-Velocity Coefficients (K,) and Maximum Aqueous Dechlorination Rates (kX) with their
95% Confidence Intervals for Each of the Chlorinated Ethenes with 38 mg/L VSS

ontaminant [kX (uM/day) F(.pp (umol (mg of VSS)"d™) .K, (M)
CE U 00101 01T 1 0.04
CE 59 1 11 16503 14109
cDCE 1433 037 0.08 33522
VC 1343 0.34 4 0.08 D64 1.9
[Source: adoi)ted from Haston and McCarty, 1999
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Contaminant Sorption

Sorption is a significant removal pathway for chlorinated ethenes in sediment.
Organic soils are good sorbents for organic contaminants. Adsorption at .the solid-liquid
interface can be modeled via adsorption isotherms. The Freundlich isotherm is
frequently used to empirically fit sorption data rather at the soil-water interface (Clark,

1996). The model takes the following form:

qe = K f C:l”
Where K¢ is an empirical constant related to the capacity of the adsorbent material

to adsorb the adsorbate (the higher the K¢ value, the more adsorbate potenﬁally stored)

‘and n is a constant related to the affinity of the adsorbate for the surface. C. is the

equilibrium solute concentration and q. is the mass of adsorbate per unit mass of
adsorbent.
Schwarzenbach and Westall (1981) report for low concentrations, sorption
equilibria can be described by the equation:
q.=K,C,
Where q. = concentration in the solid phase
K, = a liquid-solid partition coefficient
C = Concentration in the liquid phase
The partition coefficient of a particular sorbent can be estimated from its 1-
octonal/water partition coefficient, Kow, and from the organic content, foc (fraction

organic carbon), of the sorbents if the foc is greater than 0.0001 (Schwarzenbach and

Westall, 1981):

logK, =0.72log K5, +10g foc (5)+0.49
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Table 3. Sorption of Nonpolar Organic Compounds on Natural Aquifer Material

Compound , Ce, ug/L Log Kow K,
Toluene 20 2.69 0.37
1, 4-dimethylbenzene 20 3.15 0.5
1,3,5-trimethylbenzene 20 3.6 1
1,2,3-trimethylbenzene 20 3.6 0.95
1,2,4,5-trimethylbenzene 20 4.05 1.96
n-butylbenzene 20 4.13 3.69
tetrachloroethylene 100 2.6 0.56
chlorobenzene 20 2.71 0.39
1,4-dichlorobenzene 20 3.38 1.1
1,2,4-trichlorobenzene 40 4.05 3.52
1,2,3-trichlorobenzene 40 4.05 3.97
1,2,4,5-tetrachlorobenzene 40 4.72 12.74
1,2,3,4-tetrachlorobenzene 40 4.72 10.48

Source: Adapted from Schwarzenbach and Westall, 1981.

Adopted partition coefficients and octonal-water coefficients for various
compounds from Schwarzenbach and Westall are found in table 3.

Constructed Wetlands

Constructed wetlands have the ability to provide the conditions necessary for
microbial dehalogenation. Constructed wetlands are of two categories, surface flow (SF)
or subsurface flow (SSF).

In surface flow wetlands, the water primarily flows above the ground surface, as
shallow sheet flow, through the dense growth of emergent wetland vegetation (Kadlec
and Knight, 1996). Design components include an input device, the wetland basin, the
wetland plants, and an outlet device. Basin size, shape and number are a function of the
~ realistic reacﬁon kinetics required to achieve compliaﬁce with regulatory discharge
permits. The number of basins is dependent on the flowrate, land constraints and
operational redundancy requirements. The wetland plants allow mineral cycling and
provide a place for microbial populaﬁons to attach (essential‘ for water quality
improvement). Plants are selectéd for their hardiness under the expected conditions,

contaminant uptake abilities if any, cost and availability, importance as wildlife cover and
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food source. The outlet device recollects the surface water and sends it to another
wetland cell or to the final discharge point such as a stream, river, lake, or groundwater
recharge area.

Subsurface flow wetlands use horizontal or vertical flow through sediment or
constructed media of the wetland. Microbes can attach themselves to the media or on the
roots of wetland plants. Generally, SSF wetlands have no standing water at the surface,
altﬁough the sediment is saturated completely to the surface. Design components include
an input device, the wetland basin, media (to include sediment), wetland plants, and an
output device. For optimal performance, these systems must initiate and maintain a
consistent flow through a permeable media. The cross-sectional area required to initiate
flow into the inlet zonev is dependent on the permeability of the media. Plant selection is
nearly the same as that for SF wetlands. Outflow devices generally colleet .3 to .6m
below the surface of the wetland (Kadlec and Knight, 1996).

Water quantity and quality define the extent and species composition of a natural
wetland (Mitsch and Gosselink, 1993). The hydrologic conditions influence the soil and
available nutrients, which affect the character of the microbes. Water enters natural
wetlands via streamflow, runoff, groundwater discharge, and precipitétion (Kadlec and
Knight, 1996). Water entering a constructed wetland is controlled via an input device.
Water exits a wetland via streamflow, groundwater recharge, and evapotranspiration
(Kadlec and Knight, 1996). Water exits a constructed wetland via an output device and
evapotranspiration. Natural wetlands may have the ability to store large aﬁaounts of
water or very little amounts of water. Seasonal ehanges in water depth may affect species

composition and sediment biota. Varying terrain underlying the structure of the wetland
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may create variable zones within the wetland, some of which may suffer from dryout.
The point of this discussion is that natural wetlands and constructed wetlands are similar
yét different. Much of the variability as far as changing water depth or outflow has been
virtually eliminated from a constructed wetland. As a result, controlled, sf(eady water
levels create uniform hydrologic conditions and an absence of pattern effects (Kadlec and
Knight,A 1996). Pétterh effects interact with water flows within the wetland, carrying a
disproportionate amount of water in less vegetative channels, causing an imbalance in the
treatment of water through the wetland. The important features of wetland hydrology‘

from the standpoint of treatment efficiency are those which determine the duration of

- water-biota interactions and the proximity of waterborne substances to the sites of

biological and physical activity (Kadlec and Knight, 1996).

Wetland Definitions

Hydraulic Loading Rate Hydraulic loading rate is the rainfall equivalent of

whatever flow is under consideration. It is not the physical distribution of water
uniformly over the wetland surface. The hydraulic loading rate is generally referred as
the contaminant or wastewater additional flow to the wetland inlet. It is defined as:
q=QA
where q is in units of m/d,
A = wetland area (wetted land area), m?
Q = water flow rate, m*/d
Vertical flow wetlands are often operated with intermittent feed and under these
circumstances, the hydraulic loading rate refers to the time average flow rate. The -

loading rate during a feed portion of a cycle is the instantaneous hydraulic loading rate or

hydraulic application rate (Kadlec and Knight, 1996).
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Mean Water Depth Mean water depth is the average depth throughout the entire

wetland and is defined by the following:

- LW
h= j jh(x, y)dydx
00

where x = longitudinal distance, m
y = transverse distance, m
L = wetland length, m
W = wetland width, m
h = water depth at coordinates (x, y), m
Units for mean water depth are typically in meters or centimeters.

Wetland Water Volume The wetland water volumé for a subsurface flow wetland-

is primarily dependent on the porosity of the media. However, values for this parameter
are often very difficult to ascertain. Constructed wetlands using a clean sand or gravel
generally have a porosity in the range of 0.30 to 0.45 (Kadlec and Knight, 1996).
However, roots, mineralization, and decayed organic matter contribute to decreased
porosity. Lateral pattern effects are minimal but gradients in both vertical and flow
directions may be present (Kadlec and Knight, 1996). The equation for wetland water

volume is defined as:

LW h
V= I_”e(x, y,z)dxdydz = EV;, = €4h
000
where ¢ = water volume fraction in the water column, m*/m?

Vg = total volume between water and ground surfaces, m
z = vertical distance coordinate, m

L = wetland length, m

W = wetland width, m

h = water depth at coordinates (x, y), m

3

Nominal Retention Time is defined as:




Units are in days. The flow in this case is generally defined as the average flow
(inlet plus outlet divided by 2), however, without an outflow, the inlet flow is used
(Kadlec and Knight, 1996). If variations are present in the total flow and water volume,
correct calculation will involve integration.

Nominal retention times are not consistent with actual retentiori times. Actual
times are usually smaller. Nominal times assume that the entire volume of water is
involved in the flow. Kadlec and Knight report estimates for the Boggy Gut treatment
wetland yielded nominal retention time of 19 days where the actual measured retention
time was 2 days. Itis impoﬁant to note that the hydraulic loading rate is inversely
proportional to the nominal detention time for a given depth. Therefore the hydraulic
loading rate embodies the notion of contact duration, just as nominal detention time does

(Kadlec and Knight, 1996).

Actual Velocity This is the velocity that would be obtained if measured:

v= 0
(),
where (¢A), = open area perpendicular to flow, m?.

Superficial Velocity This is also known as the cross-sectional hydraulic loading |

rate. For a vertical flow it is defined as:

Q

u=-=
Y|

(4
where A, = area perpendicular to flow, m?. The cross-sectional area is the width

times the length.
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where h, = mean depth perpendicular to flow, m. The relationship between
superficial and actual velocities is porosity.

Hydroperiod This term is used to designate the number of days in a ye& that
there is surface water in a given wetland location. If a wetland were dry for 10 percent of
the year, the corresponding hydroperiod would be 328 dayé. Continuous source
treatment wetlands typically have a hydroperiod of 365 days.

Water Mass Balance Water mass balance for a constructed wetland can be

separated into two forms, global and internal. Global water mass balance is a
determination of the water mass balance within the confines of the wetland boundary.
Internal water mass balance is used when focusing on a narrow internal element or
subdivision of the water body. The water budget is very dynamic for a constructed
wetlana. Gains to the system are gcnerally from influent, precipitation, runoff, -
infiltration, and snowmelt. Losses to the system are from effluent, evapotranspiration,
bank loss, and infiltration to groundwater. The fbllowing equation can be used to

represent these dynamics:

O ~0,-0,+0.-0,~ 0, + 0o+ PA-ETA
where A = wetland top surface area, m?

ET = evapotranspiration rate, m/d

P = precipitation rate, m/d

Q, = bankloss rate, m3/d

Q. = catchment runoff rate, m>/d

Qg = infiltration to groundwater, m*/d
Q;  =influent rate, m*/d

Q, = effluent rate, m*/d

t = time, d

\Y = water Storage in wetland, m

Inflows and outﬂows are controllable in a constructed wetland and are a function

of treatment requirements and design. The evapotranspiration rate and precipitation rate
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is most variable and unknown. Estimates based on region and climate, as weil as
historical information, are useful starting points. The bank loss rate and groundwater
infiltration rate can be controlled to some degree. Use of impermeable membranes or
clay layers in construction should limit water losses or gains. Wetlands are generally

. found as transition areas between terrestrial ecosystems and aquatic ecosystems.
Therefore, runoff is a natural input, however, in constructed wetland systems, runoff may
depend on site layout and construction of berms and roads surrounding the wetland.
Snowmelt will depend on wetland location. All of these factors could have an influence
on the treatment of contamixﬁnt. Excess water loss could result in non-treatment and a
possible permit violation, and excess water gain may overload the system, cause dilution

or affect the behavior of the wetland.

Background Concentrations within a Wetland Wetlands have an abundance of

activity occurring within their boundaries. As a result, water chemistries may vary,
ranging from nutrient rich to nutrient poor. Table 4 depicts some water chemistries of

various wetlands found in the literature per Kadlec and Knight.
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Table 4 Water Chemistry of Some Typical Natural Wetlands

" |Source: Adapted from Kadlec and Knight, 1996.

182

Theresa |Porter Ranch [Portage |Seminole |Ombrotrophic Bog, |Cypress

Chemical Parameter {Units Marsh, Wi |Peatland, Ml |Fen, Ml |Ranch, FL |Newfoundiand Dome, FL

itrate + nitrite mg/L 0.1-1.7 0.0410.02 0.1 0.1 0.08
Ammonium mg/L 0.1-1.6 0.7310.81 0.09 0.15 0.14
Organic N mg/L 0.7-4.8 ‘ 0.2 0.75 1.2
Total N mg/L 1.5-6.8 0.4 1 16
Dissolved P ' mg/L 0.1-0.5 0.0240.01 0.04 0.07
Total P mg/L 0.1-0.7 0.04+0.01 0.05 0.07 0.18
Na mg/L 5-24 35 3.9 5
K mg/L 0.9-9.1 0.7+£0.6 0.1 0.34
Ca mg/L 56-168 19+11 22 0.25 29
Mg mg/L 23-73 442 22 0.46 14
Fe mg/L : 0.5x1.6
Chloride mg/L 17-54 28125 9
Sulfate mg/L 15-99 2.6
pH 7.4-8.2 6.0-7.5 7.7 6.9 4.5
Conductivity umho/cm 520-940  150-350 520 390 60
Alkanlinity (CaCO;) mg/L 270-420 1.8

Phosphorus is generally very low in wetland systems. Typically the total

phosphorus is less than 0.1 mg/L and it is often below 0.05 mg/L (Kadlec and Knight,

1996). Increases of total phosphorus of up to one magnitude can occur in agrarian areas

as a result of point and non-point source pollution. Rainfall can decrease the total

phosphorus if it is a significant source in the water budget.

Organic nitrogen is a product of biomass decomposition. As the proteins are

degraded to smaller organic species such as amines, the amines then degrade to

ammonium nitrogen. Therefore, low levels of 1 to 2 mg/L of organic nitrbgen are present

in wetlands.

Ammonium nitrogen provides nutrients for plant growth. In the presence of

dissolved oxygen, microbes will convert ammonium to nitrate, making it available to the

plants. The ammonium concentration will increase during the winter as plant growth and
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microbial processes slow down. Buildup of ammonium may actuaily occur.
Concentrations are generally very low during the growing season, as plants use their
stored nitrogen for growth and microbes convert ammonium to nitrate. All of the
aminonium resulting from decomposition is consumed and plants will continue to grow
until their full growth potential is realized, resulting in low ammonium concentrations on
the order of 0.05 to 0.1 mg/L. |

Nitrate and nitrite nitrogen are generally below detectable limits. Denitrification
is efficient because the necesséry carbon source is present with the anoxic conditions
required to use nitrate as an electron acceptor.

Carbon sources are very prevaient in wetland systems. Carbon is a source of
plant growth and humic substances result from the growth-death decomposition cycle.
Total organic carbon (TOC) represents the amount of carbon in the water. Much of thé
humic material is not a suitable food source for bacteria, therefore, the chemical oxygen
demand (COD) is higher than the biochemical oxygen demand (BOD). The orders of
magnitude for a natural wetland are TOC ~ 40 mg/L, COD ~ 100 mg/L,, and BOD ~
5mg/L (Kadlec and Knight, 1996).

Metals present in wetiands are generally a _reﬂection of the water source or
sediment present. Ca, Mg, Na, and K are most common. Concentrations of 0 to 5 mg/L
are typical (Kadlec and Knight, 1996). |

pH is a result of the hydrogen ion concentration. Marshes and swamps vary from
6 to 8 while bogs are more acidic and range from 3 to 5. Algal blooms can cause a

significant increase in the pH as a result of decreasing the carbon dioxide concentration.

30




Dissolved oxygen (DO) and redox potential (Eh) are measures of the oxidation
potential of the wetland. DO can vary widely depending on the biolégic_:al and chemical
processes taking place. Oxygen depletion usually occurs in the +320- +340 mV range.
Generally, there is a vertical DO gradient, with DO decreasing with depth. High DO will
be present at the air-water surface and DO will decrease to zero with depth assuming
there are no additional oxygen inputs with increasing depth. Aerdbié degradation by
microbes consumes the available oxygen very quickly. Therefore, DO concentrations of
less than 2 mg/L are not uncommon; As the DO content decreases with depth, other
electron acceptors become prominent. Nitrate reduction may begin before complete
oxygen removal and is complete at +220mV. Manganese reduction (from Mn** to Mn*?)
occurs within the nitrate reduction region and is complete by +220 mV. Ferric iron (Fe')

is reduced to ferrous iron (Fe+2) by +120 mV and Sulfate (SO47) is reduced to sulfide

Water Oxygen Reduction Zone

Aerobic

Oxygen Reduction Zone
Eh=>300 mV

Nitrate Reduction Zone
Mn 4+ Reduction Zone
Eh =100 to 300 mV
Facultative

Soil Depth

Mn 3+ Reduction Zone
Eh =-100to 100 mV

Sulfate Reduction Zone
Eh= -200_ to—-100 mV

____________ m—mmm———— e ~ Anaerobic

Methane Formation Zone
Eh=<-200 mV

Figure 2 A typical wetland profile for oxidation reduction reactions and redox potential
in a liohtlv Inaded wetland. fAdanted from Kadlec and Knioht. 1998)
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(SO,) by =150mV. Carbon dioxide (CO,) is reduced to methane (CH,) in the —250 to —
350 mV range (Kadlec and Knight, 1996). Figure 2 gives a graphical representation of
the reduction zones within a wetland.

Wetland Hydrology

Flow through porous media has been a long-standing design problem. The casé
for a wetland is no different. In subsurface wetland hydrology, flow is fuﬁy saturated
with an unconfined top interface with air, in or above the bed. Full saturation eliminates
capillary fringe (a condition where air and water occupy the voids between particles).
Wetland flows, however, are generally very low, change gradually, and are based on very
tame slopes. Kadlec and Knight simplify the hydrology by using one-dimensional ﬂbw
and assuming that, although Wetlands are rarely in true steady flow, over a long averaging
period, evapotranspiration and rain events can be réplaced by their time averages.
Therefore these events are not described, but the time average depths and flows are
modeled correctly. These flows assume isometric media although plant roots and other
particulates may later accumulate. Variability in lateral and transverse flow is accounted
for by averaging, and .variability in longitudinal flow will increase over time. This
equation simplifies the water budget, showing that precipitation increases \;vater flow and

evaportranspiration decreases it:
Q=0 +P—ET
where Q = volumetric flowrate, m*/d, -
Q; = influent volumetric flowrate, m%/d,
P = precipitation rate, m*/d, and
ET = evapotranspiration rate, m*/d.

Water elevation is the water depth plus the bed bottom elevation profile

H=B+h
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where B = the elevation of the bdttom of the bed from the datum.

The elevation of the top surface of the media is:

G=B+6
where G = elevation of the bed top above datum, m
& = thickness of the bed media, m

The majority of the equations previously discussed concern the movement of
water in the horizontal plane of a wetland and are mostly design criteria for a constructed
wetland. Modeling the flow of water and a contaminant is available through a variety of
available models. Kadlec and Knight (1996) discuss a plethora of mathematical models
such as residence time distribution functions, plug flow reactors, continuously stirred
tank reactors, tanks in series, tanks in series with delay, plug flow with dispersion, etc.
All of these models are valid for constructed wetland treatment. The type of model best
suited for a particular design is dependent on the wetland and contaminant conditions and

characteristics.

Wetland Modeling and Case Studies

Wetland modeling is as dynamic as the wetlands themselves. Each situation is
unique and there appears to be no cookie cutter approach in the literature. Generally, the
models can be grouped by the wetland fype they représent; however, model structure and
rate constants tend to be site specific. However, there are some trends in the literature
that seem to be present in all wetland models.

The hydrochemical complexities of wetlands are the physical factors that control
the wetland and are perhaps the most important and complex'(Mitsch et al, 1988). The
chemical and biological activities within a wetland are closely related to the hydrology.

Good field and laboratory studies are required for accurate model application. A good
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understanding of the hydrologic budget will provide better insight to the chemical and
biological processes of the wetland. |

As most ecological systems, wetlands are constantly changing. Hydrologic
changes aﬁd organic changes resulting from microbial activity keep the wetland moving
alohg its successional path. Flooding and drought have significant impact as well. Over
long periods of time, as this model intends to portray, vegetation succession could play an
important role in wetland function.

Wetland interfaces are another area of complexity that is difficult to model. The
soil-water interchange consisting of chemical and biblogical interactions are complex and
not fully understood. Interchange between the soil—Water and vegetation and the soil-
water and air are al_éo §ery complex chemical and biological interactions. Sediment
interactions and processes such as sorption, cation exchange, denitrification, and
methanogenesis are all important facets of a wetland and can be significant in a wetland
model.

Finally, wetlands are closely knit ecosystems that are in balance with those
ecosystems that surround them. Exchanges occur between‘ these adjacent ecosystems and
require spatial modeling to accurately represent these relationships.

In the process of reviewing the available literature for contaminant remediation
within the sediment of a constructed wetland, no literature was found to directly support
contaminant removal through a constructed wetland with vertical flow. Many studies are
beginning as the use of wetlands as remediation sites has been proven. However, the
majority 6f these studies involve natural systems. Lorah and Olsen (1999) proved

degradation of tetrachloroethane (PCA), DCE and VC within a naturally occurring
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freshwater tidal wetland fed by contaminated groundwater. The wetland sediment was
comprised of two distihct layers, approximately 1.8 m thick. The lower layer was a silty
to sandy clay and the upper layer was primarily peat with varying mixtures of clay and
silt. Groundwater flow was generally in the vertical direction at approximately 0.6 m/yr.
Identifiable zones of methanogenesis, sulfate reducing and iron reducing zones were
present within the wetland. Field results indicated that the contaminant degraded
vertically as it entered increasingly reducing conditions. ‘The aquifer was determined
aerobic, which fed intoA an iron reducing zone, followed by a sulfétc reducing zone which
ultimately led to the methahogenic zone, present in the 0-0.9m peat layer of the wetland.
Contaminants were degraded via abiotic dehydrochlorination, dechloroelimination, and
hydrogenolysis. All contaminants were degraded to non-detectable levels within the
wetland and within 34 days during the microcosm studies. These results demonstrate the
- feasibility of wetland use in dechlorination of contaminated groundwater.

Bankston and Dwyer (1999) conducted microcosm studies utilizing soil, water
and plant material from a freshwater wetland in New Brighton, Michigan. They studied
the removal of ra_dio-labeled TCE in three different microcosms: 1) soil and water from
the wetland, 2) soil, water and plant species (either a broad leafed cattail, or eastern
cottonwood), and 3) autoclaved soil and water from the wetland. The study was designed
to imitate the aerobic conditions present within the rhizosphere of the plants. TCE was
oxidized to CO, in the cattail microcosm and the half-life was determined as 23 days.
Cottonwood microcosms achieved faster TCE removal, with a half-life of 16 days. Plant
uptake was found responsible for a portion of the removal in both the cattaﬂ and

cottonwood microcosms.
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Zachritz et al. (1996) propose the possibility of using subsurface constructed
wetlands in degrading various waste strearﬁs of complex halogenated and nonhalogenated
compounds based on a small pilot study removing benzoic acid. They chose to use
benzoic acid because it degrades aerobically and anaerobically and the pathways are well
understood. Additionally, the coenzyme A thioester form is an intermediate in the
degradation of aromatic compounds such as phenol, p-cresol, and aromatic acids. The
study explored shallow and deep reactors, planted and unplanted, as well as single and
double stage. Degradation of at least 80% was achieved in all systems, with the double-
stage planted faring the best. The shallow, single-stage planted reactor was reported as
véry robust and indicated strong performance within design limits. Microbial populations'
flourished under the conditions with no noticeable difference between planted and
unplanted reactors. Conclusions of their study indicate staging of treatment components
may be advantageous in certain treatment schemes involving chlorinated organics,
suggesting reaeration control of substrates and mediating anoxic, aerobiq and anaerobic
environments.

Although there was no direct evidence found of TCE removal in a constructed
wetland, substantial evidence was found that indicate TCE degradation to ethene, ethane,
CO,, or CH, could occur under the correct conditions. Additionally, the absence of v

previous models indicates this study may be forging new ground.
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I11. Methodology
The design of a constructed, subsurface flow wetland for the removal of highly
chlorinated aliphatic‘ compounds such as PCE or TCE is on the cutting edge of
remediation technology. The wetland system and the biodegradation process are very
complex and involve countless interactions among various entities and parameters.
Systems thinking in conjunction with a requisite mechanistic model enable system

behavior assessment over time. System dynamics captures the feedback loops, multiple

_ interactions, time sensitive behavior, non-linear interaction, and changes in the system

over time associated with extremely complex systems such as a constructed wetland.
System dynamics reproduces system behavior mechanistically by identifying and
simulating the underlying fundamental process driving basic system behavior in contrast
to other modeling approaches such as empirically based modeling wﬁich ignore the
underlying processes (Moorehead et él, 1 996). Additionally, since. system dynamics
allows simulation, it facilitates the study of internal interactions of complex systems such
as wetlands, explores the system behavior beyond the range of observed system behavior,
and provides insight into the ramifications of various parameters on the dynamic system.
The methodology of this study will follow system thinking and the modeling
process. The basic stéps of the system dynamics modeling process can be divided into
four distinct phases: conceptualization, formulation, testing, and implementation
(Colburn, 1997). The system dynamics process is an iterative one, and, as a result,
processes may have to be repeated or reformulated in order to provide a true mechanistic

representation of the biodegradation process within a wetland.
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Conceptualization

This model is based on a pilot concept, under consideration and design by ﬂle Air
Force Institute of Technology, Wright-Patterson AF B OH. The project will serve as the
physical representation of this model. Therefore, the structural framework of the model is
depicted as a cross-section of the constructed wetland. The uniqueness of this project is
the influent configuration for the wetland. This wetland will be a subsurface flow
wetland. Contaminated groundwater (PCE or TCE) will be introduced, by uniform
distribution, through a piping network installed at the bottom of the wetland. The water
distribution system will cover the entire area of the wetland. The purpose of this design
isto create.a uniform, vertical flow, through the wetland sediment. Total water depth
wiﬁ be controlled via an outlet control device (weir or orifice), ensuring complete
saturation of the entire sediment of the wetland. Endemic wetland soil will serve as the
media for the constructed wetland. The soil will be engineered for tﬁree phases of
remediation design, deemed a “safety net” approach. The underlying soil layer will
consisf of endemic wetland soil, rich in organic material. Preliminary observations have
determined an organic carbon content of 62%. This zone Will be considered completely
anaerobic, as the groundwater will enter as oxygen depleted and will completely saturate
this zone. Methanogenic conditions will provide the necessary environment for
dechlorinating bacteria to be the primary reductive force within this layer. Anaerobic
conditions and the absence of other electron acceptors, such as sglfate, nitrate, and
manganese will ensure methanogenic conditions. In place above the methanogenic zone, -

will be a thin iron-rich soil layer, 6 to 8 inches deep. This zone will also be anaerobic,
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and should serve as the first saféty net by further degrading DCE and VC, developéd in
the methanogenic zone, via iron-reduction.

The last sediment layer will consist of thé thin root zone and sediment/water/air
interface. This layer will be both aerobic and anaerobic. The éerobic zone will consist of
the small radius of soil around each root fiber thaf has been oxygenated by the respiration
of the plant. The remaining spil outside the oxygenatéd zone of influence will be
considered anaerobic. This zone will serve as the final safety net in hopes that methane
produced from the underiying methanogenic zone will induce methanotr’ophs to produce
methane monooxygenase, which will fortuitously degracie é.ny remaining TCE or TCE
daughter products. Terminal degradation products will be ethene, efhane, CO,, or CH,.

| The reference mode is a description of the time development of interest, defining
the time horizdn and range of time constraints in the.mo.del. It represents the hypc;thetical
behavior of the system based on a vague mental notion of the influences within the
system and is focused on the research question. As stated in Chapter 1, the primary
research question is to develop a system dynamics model to assess groundwater treatment
in wetland se&iment and evaluate performance of designed treatment zones and the
interactions with adjacent zones and the entire system. This question is \.'ery broad, and a
comprehensive reference mode would be difficult to develop. However, it may be
possible to infer how well the system is performing by observing the behavior of a simple
parameter, contaminant concentration in the root zone, overa lengthy period of time (e.g. |
2000 days). The observation of the behavior of this pararheter ovér the 2000-day period
of simulation would infer the overall ability of the system. Figure 3 showé the

hypothesized reference mode for the system. The reference mode is a hypothetical
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outcome of the system based on the interactions among mechanisms within the sysfem.
The perceived behavior is qualitative in that the outcomes from each of the mechanisms
given a constant input are known, however the.interactions a:nong the mecha:xisms and
their effect_s on the beha\}ior of the system are not known. The reference mode for this
‘model is based on a known concentration Qf contaminant entering. an uhcontarninated
wetland, becoming well mixed, and undergoing inicrobia] degradation over time, and is
the predicted behavior resulting from the interactions of the microbial processes,

sorption, and transport.

Reference Mode

Cono(mg/L)

Time (days)

- Figure 3 Reference Mode. Hypothetical behavior of system based on a qualitative mental notion of

the influences within the system, indicating contaminant concentration in the root zone will increase,
and then decline to a steady-state, over 2000 day time horizon.

The influence diagram represents the cause and effect relationships between

entities within the system, which most influence the degradation process. The influences

- between entities and their relationships with one another, when coupled with the

reference mode provide the feedback loops and the basic mechanisms responsible for
behavior of the system and degradation of contaminant. The influence diagram develops

organizing concepts and describes the basic mechanisms in causal form. Figure 4 shows
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an atypiéal system dynamics influence diagram. This format was chosen to help the

reader develop a clear picture of the processes occurring in the wetland. This diagram is

intended to provide the necessary influences and causal relationships among mechanisms

and provide a one-dimensional image to develop the conceptual processes of the wetland

Root Zone

and the model.
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Figure 4 Influence diagram of constructed wetland system.

Formulation

Iron Reduction

Anaerobic

Methanogenic Zone

Zone

The software package, STELLA 5.1 Research, from High Performance Systems,

will be the tool used to implement the model. The principal building blocks of the model

are stocks or accumulations and flows or rates of movement to and from a stock.
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Developing the model from the conceptual design of the constructed wetland requires
knowledge of the processes that are occurring within the wetland and on what level they
are occurring. For the most part, this model has been built using a mass balanc¢
approach, making the necéssary assumptions where appropriate.

The model has been developed so that it represénts the processes which are
occurring in two diﬁlensions based on a vertical bross—section of the constructed wetland.
Wetland physical parameters generally remain constant, although water volumes may
change slightly. Hydrologic conditions are primarily dependent on the incoming
groundwater flow as well as evaporation and precipitatién. In efforts to niaintain
simplicity in the model and for the réader,’ the constructed wetland has been developed
into three separate zones: the anaerobic methanogenic zone, the anaerobic iron reduction
zone, and the root zone. The anaerobic methanogenic zone is the deepest zone, consists
of endemic wetland soil, and is highly organic. It is roughly 18” thick and will be the
first zone to come in contact with the contaminated groundwater. Asa résult of the
vertical flow of the groundwater, the anaerobic methanogenic zone directly feeds the
anaerobic iron reduction zone. This zone is approximately 18” thick and consists of Fe
(I0) rich soil. Flow in this zone will feed the root zone, which is the approximately 12”
or so of soil occupied by the roots of the hydrophytic plants.

The primary processes considered within each zone are advectiqn, sorption, and
degradation. The anaerobic methanogenic zone models the production of methane, as its
production is necessary for other processes in the aerobié zone. The goal of this project

is to try to find optimal conditions for the chlorinated ethene degradation. This will
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involve parameter variation and signiﬁcance testing, among many other simulation tests.
The outcomes of these tests will be presented in the next chapter.

Constructed Wetland Physical Parameters

The model has been constructed so that design parameters such as length, width,
sediment depth, iron layer depth, sediment porosity, plant porosity, and plant size can be
manip_uléted to adjust for field conditions or testing remediation management scenarios.
Appendix D contains the initial or baseline constructed wetland physicai pafame_ters
utilized in this model.

System Hydrology

The fundamentals of wetland hydrology have been discussed in Chapter 2. To
remain consistent with the literature and practices within the field, substances in water
will be expressed as concentrations, or mass per unit volume of water. Therefore, -
knowing the volume of water at any given time will be very impdrtant. The volume of

| water within a wetland is dependent on the hydrologic processes of the wetland. ‘Each
wetland may have different sources, outputs, or rates of evapotranspiration and

precipitation. The model is constructed using a mass balance equation (MBE):

dv
& -0,-Q,+P-ET
7 0,-9,

where Q= groundwater flow (volumé/time)
Q, = constructed wetland outflow (volume/time)

P = precipitation rate (volume/time) and
ET = evapotranspiration rate (volume/time)

Constructed Wetland- The surface area and the depth of the wetland determine
the initial water volume for the constructed wetland. These parameters are controlled by

the design width, length and overall depth desired for the wetland. The overall depth is a
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composite of the various layers previously described for this application, 18 anaerobic
methanogenic zone, 18” anaerobic iron réduction Zone, and a 12” root zone. These
parameters as well as varying soil porosity’s, plant density, plant porosity and surface
water depth, can all be managed in the Wetlaﬁd Physical Parameters sector of the model.
The initial water volume for the constructed wetland will assume full saturation
over the entire surface afea of the wetland, excluding any surface water. However, over
time, the volume of the wetland is dynamic as precipitation and evapotranspiration can
cause gains and losses, respectively. The model is designed to accorﬁmodate up to an
additional six inches of surface water, allowing alternative wetland management -
scenarios ranging from fen (little surface water) to marsh (up to six inches of surface
water). This model assunies that each of the vertical zones will be completely saturated.
The water volumes of these zones can be calculated as thé area of the zone, times the
depth of the zone, times the porosity of the sediment within the zone. Typical porosities
for wetlands with mineral soils are 50% total pore space (Mitsch and Gosselink, 1993).

The total water volume of the constructed wetland can be calculated at any given

~ time based on the surface water volume and the total sediment water volume (the sum of

the water volumes of the three zones, methanogenic, iron-reduction, and root). The

influent rate of the wetland is directly related to the incoming groundwater flow.

- Precipitation and evapotranspiration can cause a positive or negative change in water

volume, depending on the controlling event. Precipitation is based on storm intensity and
is modeled as rain that falls directly into the wetland. The model is designed to
accommodate single or multiple storm events with varying intensities. For the purposes

of this study, evaluations of the effects of precipitation will be reserved for follow-on
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fesearch. Evapotranspiration rate for a wetland is represented by 0.8 times the Class A
pan evaporation from an adjacent open site.; The Class A pan evaporation is assumed
8mm/day (Mudgett, 1995). Both the precipitation and evapotranspiration rates are a
function of the wetland surface area. |
The effluent rate of the constructed wetland is based on an outlet weir, which
maintains a relatively constant water volume in the wetland. The influent rate is assumed
constant and effects to the influent rate as a result of precipitation (décreasing or possibly
negative influent rate as a result of heavy precipitation) are neglected. However, there

are losses due to evapotranspiration. Assuming that the wetland water volume is

relatively constant (iV_ = 0 ), the MBE can be arranged so that
dt

Q0,=0,+P-ET-

Hydrauiic retention time (HRT): The hydraulic retention time is also calculated

within the Hydrology sector. It is the time in days that a volume of water remains in the

wetland before it exits with the effluent. It is determined by:

HRT =22
Q

where V is the total water volume of the wetland.

Vegetation volume and surface area: The vegetation volume is the volume of

plants within the free standing surface water. It is dependent on the volume of the

VSW

np

surface water and the plam porosity: v, =l _y .

W

Plant porosity is based on a conservative assumption that 75% of the surface area

of the wetland consists of plant biomass. Plant surface area is based on the total plant
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volume, the surface water depth, and assumed plant stalk diameter = .14 cm 4(Mudgett,
1995). The plant volume and surface area play definitive roles in the support of
microbial populations and developing biofilms. Further development on the role of this
~ type of biota in this system is left to future research.

Zone development Three zones are presented as a one-dimensional cross-section
of the wetland and are separated by the definitive process that is modeled for each layer.
Flow in each zone is characterized by bulk transport, simply the concentration of the
contaminant times the flowrate. Sorption is modeled as rate-limited, simply applying a
transfer coefficient representing the rate of phase change and a partition coefficient,
which resembles the affinity of the contaminant to sorb. The partition coefficients and
transfer coefficients, K, and K, respectively, are detérmined for each contaminant. For
the model, the concept is conveyed through the development of a concentration gradierit
between the aqueous and solid phase, adjusted by the partition coefficient and multiplied
by the transfer coefficient. Due to the high organic nature of the sediment comprising the
sediment of the wetland, the sorption behavior is expected to résemble that of linear or

equilibrium sorption. The following equation depicts the sorption for each zone:

B -k, &,C-5)

Contaminant degradation is modeled in each zone as well, although degradation
rates may differ between zones. Degradation in the anaerobic methanogenic zone is
modeled as reductive dehalogenation. As discussed in Chapter 2, if methane is being
produced within this zone theh conditions for reductive dehalogenation exist. The model,

therefore, is designed to degrade incoming contaminants within the anaerobic zone only

if methane is being produced within the zone. Degradation is based on Michaelis-
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Menton kinetics (see Chapter 2), with initiél values frdm Tandol et al (Tandol et al,
1994). Parameter values are based on a saturable process inherent of the wetland.
Contaminant concentrations used to derive these parameters are consistent with previous
studies and reflect concentrations expected in the wetland project.

Contaminants in the iron-reduction zone were degraded according to Michaelis-
Menton kinetics as well. PCE is not degraded in this zone, as the conditions are not
reducing enough. Only trans-DCE, cis-DCE, 1,1 DCE and VC were degraded within this
zone. Although there has been some speculation TCE may be able to vundergo iron
reduction, it is not well established in the literature. Kinetic values for DCE and VC are
based on reports from Bradley and Chapelle (1997).

The root zone is the apex of the model so to speak. Aerobic and anaerobic
activities, as well as sorption and methane consumption océur in this zone. The zone is
distinguished by an aerobic fraction and an anaerobic fraction. The aerobic fraction is
based on a key parameter, radius of aerobic influence, which is the average radial
distance extending from the individual root where the surrounding soil is considered
aerobic. The aerobic fraction is determined by maxﬁpulating the three controllable factors
unique to the root zone: the number of roots per square meter, the root diameter, and the
average root length for spebciﬁc wetland plant species. Controllable in this case means
that the remediation manager or wetland designer has control over the species of wetland
plants that will be represented in the wetland. Of these i)lants, these parameters could be
calculated. The root is represented as a cylinder of equal diameter for the entire root
length. The radius of aerobic influence is a cylindrical sheath of constant fhickness that

covers the root for its entire length. The aerobic area per root is calculated by the
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difference in area between the radius of aerobic influence and the area of the root itself.

This provides the aerobic area per root.

2
Aerobic area per root = ”[M] - ,,(2)
2 2

Where D = root diameter, in meters »
L = radius of aerobic influence measured from the root surface, in meters

Therefore, the total aerobic area is the aerobic area per root times the number of
roots per sq meter, times the surface area of the wetland:

total aerobic area = N x CW, x CW,, x Aerobic area per root

where N = number of roots per square meter
CW_ = Constructed wetland length, in meters, and
‘CWy, = Constructed wetland width, in meters.

" The total active area is the total non-biomass area in the root zone (i.e., sediment

only, no root biomass):

2
total active area = Cw, CW,, ( N x ,,(2) - IJ
2

The aerobic fraction is given by dividing the total aerobic area by the total active area.
This value represents the aerobic portion of the root zone, regardless of its proxirﬁity to
anaerobic areaS within the same zone. The anaerobic fraction is the fraction of sediment,
which is not aerqbic, and is the complementary fraction of the aerobic fraction. Although
this approach may seem oversimplified, it satisfies the needs of the system dynamics
model where understanding the behavior of the system and its interactions is the
objective.

Contaminant degradation within this zone is modeled as aerobic and anaerobic.

Anaerobic degradation is modeled the same as in the anaerobic methanogenic layer.
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Aerobic degradation is based on co-metabolism. The system produces methane in the
anaerobic methanogenic layer. The methane produced in that zone is transported by the
flow into the primarily aerobic root zone where methanotrophs are available to degrade
the methane. As a result, the enzyme, methane monooxygenase (MMO), as discussed in
Chapter 2, fortuitously degrades all of the chlorinated ethenes with the exception of PCE.
This process has been modeled after efforts by Semprini and McCarty (1992), based on
their study of co-metabolic transformations of chlorinated aliphatics in the field and the

laboratory. The equation, describing the aerobic co-metabolic degradation accounts for

the competitive inhibition of methane by KoCon, in the denominator, and is slightly
K CH, '

modified from Semprini and McCarty (1992):

where C = concentration of the contaminant,
V..., = Maximum utilization rate of co-metabolism,
K., = half saturation constant for the contaminant,
Ccus= concentration of available methane,

Yl
B K C
d g poelnton

]

CH,
K 44= the half saturation constants for methane.

Based on this equation, increases in methane concentration should result in
decreases in transformation rates due to competitive inhibition (Semprini and McCarty,

1992). The products of aerobic co-metabolism are CO,, H,0, and a chloride ion.

Testing

Testihg the Dynamic Hypothesis. Initial model runs will be conducted to

determine whether the basic mechanisms, and interrelationships of the mechanisms, are

sufficient and produce the appropriate behavior, reﬂectiﬁg the reference mode. If
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behavior does not follow the reference mode, review of the mechanism and the
interrelations is required to determine whether those relationships are accurately
represented. If the relaﬁonships among the mechanisms are reasonable and accurate, the
reference mode may need adjustment to reflect the appropriate behavior. The process of
test_ing a model does not prove correctness it merely instills confidence. Parameters that
are both within and outside the boundaries of the system Will be tested.

Structure Verification Test. The structure verification test compares the structure

of the model to the strﬁcture of the system it represents. Verification is through someone
knowledgeable in the field of the system model or through comparisons of these systems
as found in the literature. Passing this test requires no contradictions with the structure of
the real system, although levels of detail may be omitted providing the mbdel sufficiently
represents the actual system.

Parameter Verification Test. Model parameters should be compared to real

observations when possible to ensure conceptual and numerical adherence. Behavioral
testing can help determine the validity of parameter values by recognizing unreasonable
behavior for the system when certain values are utilized by the model.

Extreme Conditions Test. The>model should be explored using extreme

conditions to verify behavior will remain reasonable in accordance with the extreme
conditions. This test is implored mostly on rate equations within the model, inducing an
~ abnormal condition to produce a predictable response, such as setting influent
concentration to zero, the output concentration should also be zero.

Boundary-Adequacy Test. This test determines whether the model includes all

relevant structure given the model’s purpose. Is the model’s level of aggregation
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appropriate? To conduct the test, a hypothesis that addresses a change to the model
struéture is developed and then incorporatéd to resolve the importance of the
hypothesized structure change. If there is no significant change in the resultant behavior,
then the basic model structure does not need to add the hypothesized structure. This test
also includes testing by analyzing the behavior without adding structure.

Behavior-Reproduction Test. This test is to determine how well the behavior of

the model simulates behavior of the real system. Creating the exact numbers is not
desired since creating the same behavior paﬁems is the goal. Of particular importance is
comparing the timing sequence of the relative variables of the natural or realistic system
to that of the model. The model should follow the same timing sequencé of the real
system. Inputs from outside the model boundary should not drive the pattern of behavior.

Sensitivity Testing. This type of testing evaluates model output to changing

parameter values, which may offe; insight to processes or mechanisms which are most
sensitive to perturbations or manipulations of the model. By changing the parameter
values, the associated behavior can be analyzed to determine the impact of those
parameters on behavior. |

Implementation

The results from the model runs will be presented and discussed in the following
chapter. Testing and verification procedures build conﬁdénce in the model and in the
system dynamics approach. Once confidence is achieved, the model can be used to
explore design criteria and operation parameters which optimize contaminant destruction.

Sensitivity analysis can be used to determine specific parameters that have the most
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impact on the system. With this information, the model can be used as a management

tool to assess various scenarios and optimize treatment conditions.
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IV. Results and Discussion

The results of the testing ahd validation procedures, as described in Chapter 3, are
evaluated here to provide confidence in the model and in the system dynamics modeling
process. The behavior of the constructed wetland system as a whole and in part, will be
.discussed to provide a better understanding of the dynamic nature of contaminant
removal within a constructed wetland, in hopes that its success will prove a viable
alternative in groundwater remediation. This chapter will also serve to answer the
research questions for which this study was intended.

As discussed in Chapter 3, the refergnce mode introduced the hypothetical
behavior of the wetland system over the time horizon. Developing the framework
required several iterations to ensure the resulting framework was essential and

represented the actual structure of a constructed wetland. However, the resulting

Reference Mode

Conc(mg/L)

Time (days)

Figure 5 Reference Mode. Hypothetical behavior of system based on a vague
mental notion of the influences within the system, indicating contaminant
concentration in the root zone will increase, and then decline to a steady-state, over
2000 day time horizon.

behavior was not the same as that predicted by the reference mode. The difference in the
behavior predicted by the reference mode and the actual behavior of the model lies in the

conceptual formulation of the reference mode. The reference mode was based on the
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perceived notion that as contaminant enters the wetland sediment, microorganisms will

reductively dehalogenate the contaminant (assuming methanogenic conditions). Figure 5

indicates that contaminant concentration increases at a very high rate because there is

initially a low population of microorganisms. As the contaminant reaches the saturation

concentration of the zone, (assuming continuously stirred reactor), the microorganisms

flourish on the available substrate, increasing their population. The concentration of the

contaminant continues to climb to a maximum. At this point, the degradation of the

contaminant is faster than the incoming concentration, resulting in a decline in the

concentration as well as the microbial population as there is less substrate to sustain the
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Figure 6 Concentration of contaminants within the anaerobic methahogenic zone
under initial conditions.
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earlier population. The decline will continue until steady state is achieved where the

degradation of the contaminant is equal to the incoming concentration of the

contaminant. However, the behavior of the model did not reflect the behavior of the
reference mode. Figure 6 depicts the behavior of the model. Itis represcntative of
contaminant concentration, in the root zone, as a result of the degradation and production
of contaminants by the microorganisms. As a result of the model structure, incoming
contaminant is degraded in the methanogenic zone according to Michaelis-Menton
kinetics, and daughter products are formed. Therefore, the aqueous concentration of
contaminant present in each zone is actually the net result of degradation and formation
for each contaminant; as well as losses due to sorption. Asin the-'reference mode, the
model assumes zero concentration at time equal zero. The concentration of the
contaminant increases until the zone is saturated, and the concentration reaches a steady -
state because the rates of sorption and degradation equal the rate of influent. This is
where the model and the perceived reference mode differ: the microbial population is
assumed to be uninhibited in the model, allowing the degradation rate to become
equivalent to the influent rate, resulting in a steady state condition as soon as the zone
becomes saturated. The plots in figure 6 represent this concept and form a new reference
mode. Note that the scale is unique to each contaminant. This presentation aids in
behavior assessment within the zone, at the present conditions, by fully presenting the
shape of the plot.

Understanding the system and interactions between mechanisms is the key to
developing confidence in the model; good structure and the appropriaté level of detail

help build confidence. The structure verification test compares the structure of the model
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to the structure of the system it represents, in this case, the constructed wetland. The
model structure is presented in Appendix A. The structure of the model is built as
previously described in Chapter 3, closely following the design of the actual proposed
constructed wetland project. In éwetland, there are distinct zones that develop and are
distinguishable from others, although the line of delineation is often blurred. For
example, a soil core taken from an active wetland would produce a cross-section of many
closely related zones. GC analysis could determine the zones as methahogenic, sulfur
reducing, nitrate reducing, etc. However, comparing multiple core samples would
probably result in the same zones, bﬁt at varying depths. As a result, this model is
developed after three distinct iones, each defined by the type of degradation expected for
that zone as dictated by the type of soil layered in that zone. These zones, in the model,
are homogeneous and well mixed. These assumptions eliminate several orders of detail

' in the real system but are hypothesized to provide behavior consistent with the natural
system. This development provides a sufficient level of detail for the model, yet remains
general enough to gain an 6vera11 understanding of the behavior of the wetland.

The depth of each zone is a controllable parametei' in the model. The depth of the
root zone is assumed to be 127, approximately the maximum root depth of the
hydropﬁytic plants inherent to the wetland. The iron reduction zone depth is 18”. This
depth is arbitrarily set to ensure a hydraulic retention time to achieve confaminant
removal via iron reduction. The methanogenic zone also has a depth of 18”, and is 30"
below the surface of the wetland. The depths of these zones and the overall depth of the
wetland are parameters that are difficult to validate. There is really no discernable depth

at which methanogenisis will occur. Under certain conditions, it may occur a few
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1 . millimeters below the surface, or several meters below the surface. This variance is
dependent on the presence of oxygen and the available electron acceptors at that depth.

This model assumes that the incoming groundwater is oxygen depleted and that the

conditions are necessary for methanogenisis to occur without bound or competition.

Varying the depth of the zones caused no decrease in the contaminant
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Figure 7 Vinyl chloride concentrations in the anaerobic methanogenic zone while

varying depth in that zone. The concentrations are depicted for simulations of 6”, 12”

18”, and 24”. :
concentration within the zone, figure 7. Increasing the depth of the zone increases the
volume of a zone, which will increase the amount of time for that zone to reach steady
state, thereby smoothing the curve of the saturable process being modeled. Although
increasing the depth of the zone also increases the reductive dehalogenation ability of the
zone, it does so proportionately, resulting in a non-changing steady state.

Sorption is a very important process within a wetland. The high organic nature of

a wetland can sorb the majority of a contaminant, resulting in initial efficient removal.
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However, this could create a false sense of security as sorbed contaminant may desorb
over a period of time, reintroducing the contaminant to the wetland and pqssibly the
effluent. Each contaminant may sorb or desorb at different rates, depending on the
sorption characteristics of that contaminant. Sorption is simulated assuming rate-
limitation. The partition coefficient (Ky) for each contaminant is dependent on the
octonal-water coefficient and the fraction of organic carbon (Schwarzenbach and
Westfall, 1981). The amount of organic carbon can be relatively controlled in a

constructed wetland by adding or limiting organic rich sediment in the construction
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Figure 8 Sorbed concentration of TCE in the anaerobic methanogenic zone while varying the
fraction of organic carbon from 0.70, 0.62, 0.40, 0.20, and 0.10. Typical foc values for wetlands
range from 20-35% in wetlands with mineral soil to greater than 35% in wetlands with organic
soil (Mitsch and Gosselink, 1993).

phase. Organic carbon will accumulate over time, due to the nature of a wetland, but

initial conditions can be moderately controlled. Varying the organic content of the

wetland in the model results in significant changes in the sorbed concentration as shown
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in figure 8. The use of a mineral soil or an organic soil could change the sorption
properties of thé wetland. |

Although the organic content may be able to be initially controlled in the
construction phase of a wetland, controlling the transfer coefficient (Kp), is difficult if not

impossible. Varying the transfer coefficient varied the amount of time the contaminant

remained in the sorbed phase.
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Figure 9 Sorbed concentration of TCE in the anaerobic methanogenic zone while varying
the transfer coefficient, K,, from 0.1, 0.25, 0.5, 1, 25, 50 uM/Lday.

Figure 9 compares the sorbed phase concentrations of TCE as the transter
coefficient is varied. The curves represent the amount of time it takes for the
contaminant to reach equilibrium between the solid/liquid phase. Note that the flattest
curve corresponds to the lowest K=0.1 and the steépest and most drastic curve to the
highest K= 50. When K, was greater than 25, sorption behaves similar to equilibrium
sorption conditions. This area requires laboratory study to determine sorption rates of

contaminants in wetland sediment and whether or not they perform according to linear
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rate-limited sorption. Although solubility of PCE is only 110 mg/L, unrealistic
concentrations (5000 mg/L) were used to further validate the model and build confidence
through acceptable behavior. Increasing the influent concentration of PCE resulted in

higher concentrations of daughter products in other zones within the system, allowing
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Figure 10 Concentration of PCE and resulting daughier products (TCE, DCE, and VC)
in the anaerobic methanogenic zone undergoing reductive dehalogenation. PCE
introduced to zone at 5000 mg/L for 5 days. ‘

behavior analysis and comparison with other zones.

The effects of degradation within the system and within the various zones, were
the most anticipated results of this study. Three zones were constructed to provide three
types of degradation, reductive dehalogenation, iron-reduction, and aerobic co-
metabolism. Degradation in each zone was modeled using Michaelis-Menton kinetics as
discussed in previous chapters. Degradation in the methanogenic zone will not occur if

methanogenic conditions are not present. The results of a step simulation are shown in

figure 10. PCE was introduced to the methanogenic zone at 5000 mg/L for a period of 5
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days. This graph verifies that the model is correctly structured, as this is the type of

reasonable behavior generally experienced in batch laboratory experiments. The PCE

spike is a result of PCE being the only contaminant to enter the wetland at time = 0.

However, as soon as it enters the wetland, reductive dehalogenation begins and daughter

products are formed. As each daughter product is formed, the same daughter product can

start degrading. This explains the slight shift of each daughter product to the right of its

parent product. Note the slight difference in the shape of the curves as each contaminant

enters and is degraded in the iron reduction zone, figure 10, and then the root zone,
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Figure 11 Concentration of PCE and resulting daughter products (TCE, DCE, and VC) in
the iron-reduction zone undergoing iron-reduction. PCE introduced to methanogenic
zone at 5000 mg/L for 5 days.

figures 11 and 12

In each case, the plots have a tendency to spread, or widen at the base. Thisisa

result of the bulk flow transport carrying contaminant concentration to each respective

zone. Initial concentrations in each zone are a reflection of the concentration of the

preceding zone prior to transport.
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Figure 12 Concentration of PCE and resulting daughter products (TCE, DCE, and VC) in
the anaerobic root zone undergoing reductive dehalogenation. PCE introduced to
methanogenic zone at 5000 mg/L for 5 days.
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Figure 13 Concentration of PCE and resulting daughter products (TCE, DCE, and VC) in
the aerobic root zone undergoing aerobic co-metabolic dehalogenation. PCE introduced
to methanogenic zone at 5000 mg/L for 5 days.

The root zone is separated into two compartments, the aerobic root zone and the

anaerobic root zone. The anaerobic root zone is the soil area within the root zone that has
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no contact with any aerobic influence of the root. The parameters within the aerobic zone

are root diameter, the number of roots per square meter, and the average root length
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Figure 14 Sensitivity analysis of radius of aerobic influence on DCE concentration in

the aerobic root zone. Parameter was varied from 0.001m to .05m, plots 1-5,

respectively.
(maximum depth). Based on these parameters, the root surface area could be calculated
and a radius of aerobic influence applied. This parameter suggests that each root has a
“sheath” of aerobic activity along its entire length. Although this is a very broad
assumption, it provides a method to determine the aerobic fraction of the root zone. The
remaining fraction of flow is considered anaerobic and degrades the contaminants in
similar fashion to the anaerobic methanogenic zone. Methanogenic conditions are
assumed to dominate this zone and reductive dehalogenation degrades the contaminants.

The aerobic root zone degrades the contaminant through co-metabolism.

Degradation here often continues through to mineralization, as discussed in chapter 2.

The rate of degradation is much faster than the anaerobic root zone. The concentrations

in this zone are primarily a function of the radius of aerobic influence parameter. This

63




parameter directly affects the aerobic fraction. If the aerobic fraction is much larger than
the anaerobic fraction, the majority of the flow from the iron reduction zone is directed to
the aerobic root zone. This structure conceptually divides the aerobic and anaerobic
portions of the root zone, although they still occur sifnultaneously. This'modeling
strategy significantly affects the overall degradaﬁon of the contaminant, as co-
metabolism is the preferred degradation mechanism for contaminants like DCE and VC,
which are slow to degrade under anaerobic conditions. Figure 14 shows a sensitivity
analysis of the radius of acrobic influence and its effect on contaminant concentration in
the aerobic root zone. Notice the how concentration increases as the radius of aerobic
influence is increased. This parameter could be important in optfmizing contaminant
removal within the wetland by identifying plant species that have very aerobic root
systems in a saturated environment.

Increasing the number of roots per square meter also had a positive effect on
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Figure 15 Concentration of VC in the aerobic compartment of the root zone; varying
the number of roots per sq meter
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contaminant degradation in the root zone as shown in figure 15. This parameter is
another optimization parameter for the remediation manager that could possibly provide
guidance to plant specie selection.

The development of the root zone and the parameters within this zone overlook a

significant amount of detail that would be found in the real system. However, including
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Figure 16 Concentration of DCE in the aerobic fraction of the root zone while varying the length

of the root from 27, 67, 8”, 12”7, and 15”, .
such detail in the model would add unnecessary complexity. Although parameters such

as root diameter, and radius of aerobic influence are based on assumptions, they help
provide the necessary interactions within the system to achieve reasonable behavior for
the zone. Figure 16 shows a simulation varying the root length within the aerobic portion
of the root zone. Increasing the root length increases the volume of the zone. The result,
as shown in figure 16, is a delay in the ability of the zone to achieve steady state. This is
dug to the saturable processes being modeled and the assumption that the zone is well

mixed. This concept introduces opportunity for further study relating the oxygen
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concentration to the aerobic fraction of the root zone. Doing so would create 2 method to
account for the amount of oxygen within the zone, which would have a direct effect on
the aerobic degradation of contaminants. Increasing the oxygen content has a direct
effect on the rate of cometabolic degradation (Semprini and McCarty, 1991).

Parameter verification is primarily based on the literature review and previous
work by Mudgett (1995) and Coibum (1997). The physical parameters of the wetland are
based on the wetland pilot project collaboration among the Air Force Institute of
Technology, Wright State University, and the Air Force Research Laboratory.
Degradation and sorption parameters are from the literature. These values are for various
systems and, although they are matched very closely to the conditions within a wetland,
are not derived from wetland studies and therefore may not accurately represent the
behavior of the degradation and sorption processes within the wetland. Sorption values
were based on sedimerit from a highly eutrophic lake (Schwarzenbach and Westall,
1981), which would be very near if not identical to wetland conditions-; Anaerobic
degradation parameters were based on studies conducted under methanogenic conditions
(Tandol et al, 1994; Liang and Grbic-Galic, 1993; Freedman and Gossett, 1989).
Parameters for iron reduction follow studies by Paul M. Bradley and Francis H. Chapelle
(1996, 1997) concerning the kinetics of DCE and VC degradation in iron reducing
conditions. Aerobic co-metabolism parameters are based on work by Semprini and
McCarty (1991; 1992). Empiﬁcal information from laboratory studies using wetland soil
and groundwater from the project would produce results specific to the project.

However, based on the above studies, the values used here are sufficient tb provide

reasonable behavior of the fate and transport of chlorinated ethenes in the wetland.
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Throughout the course of verification and testing, the model was subject to a
variety of extreme conditions, testing model structure and Qerifying model behavior, such
as turning the iron reduction zone “off”, by setting its depth equal to zero, yielding zero
contaminant in the zone, yet allowing the contaminant to degrade in the root zone, as
expected. A zero concentration of contaminant entering the wetland yielded a zero
output. Additionally, if there is no concentration of methane present in the anaerobic or
aerobic zone, nbne of the contaminant will be degraded. This type of structure was
necessary for the model in order to maintain its simplicity and the appropriate level of
detail. Although reductive dehalogenation is not dependent on the presence of methane,
it does require the same conditions in which methane is produced. Therefore, for
purposes of this model, if methane were not present within the anaerobic zone, then
reductive dehalogenation would not occur. Additionally, as the structure of the model
was developed, it was constantly evaluated against the system boundary to ensure .
adequate representation. The boundary in this case is the simplified structure of the
wetland systeﬁu as portrayed by the model. The boundary sets the appropriate level of
detail for the model to accurately represent the real system. This caused several iterations
and significant revision of the model and the 'conceptual thinking to achieve the structure
that most accurately described the real system and produced the most reasonable
behavior. |

The behavior reproduction test is very difficult to apply to this model, as there is
not very much empirical data available on contaminant removal by a constructed
wetland. It is important to note here that system dynamics is not based on empirical or

heuristic data. The goal is not necessarily to have the numbers be accurate; rather, the
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desirable outcome is .for reasonable behavior, meaning conceptually and intuitively, the
behavior produced resembles behavior of the system being modeled. Heuristic and
empirical data can be utilized by the modeler to verify structure and build confidence, but
are not required for reasonable behavior. Although historical or empirical data on
contaminant removal in constructed wetlands are not readily available, there are some
studies that have found natural wetlands that are degradihg contaminated groundwater
(Lorah and Olsen, 1999b). Comparing this model to the behavior of a similar natural
system leads to greater conﬁﬂence that the model accurately represents the relationships
and parameters of the mechanisms in the real sysfem. |

This model has similar structure to the natural wetland. The natural wetland had
developed into distinct zones of varying depth, With varying functions. Lorah and Olsen
(1999a, b) foﬁnd degradation occurring in zones of methanogenic, iron reduction, and
sulfate reducing activity. The majority of these zones were in the top 1m of the wetland.
The greater part of degradation oécurred in the methanogenic zone and total
concentrations of parent and daughter products decreased along the upWard flow path.
The majority of these attributes are represented in this model, supporting its structure and
building confidence that the relationships of the mechaniéms in the system are
representative.

Sensitivify testing was the most important aspect of the implementation process.
This involved changing various parameters to determine the effects on the model and
which of those pararheters may provide managerial opportunities leading to optimization.
Some of these processes have already been discussed. As a resﬁlt, only pafameters that

can be engineered were tested. These included physical parameters such as constructed
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wetland design length and width, zone depth, sediment porosity, flowrate, soil organic
content, soil iron reduction capacity, and root length. The majority of these analyses are
volumetric exercises where the volume of the zoﬁe in question is altered by a certain
parameter. This change in volume causes an increase in the amount of time for the
system to become well mixed and therefore achieve steady state. However, as shown
earlier with the radius of aerobic influence parameter and the number of roots per square
meter pararheter in the root zone, significant changes can occur within the system when
these parameters are changed. These parameters may be plant species specific, resulting
in a design control. Soil organic content has a significant effect on sorption as mentioned
earlier. If the iron rich soil comprising the iron reduction zone was not included in the
wetland, it \-Nould effect the overall contaminant removal in the wetland. With the
exception of these parameters, the remaining parameters under human control are nothing
more than volume manipulators. The concentration will reach steady state as soon as the
volume of the zone is saturated with the contaminant. Under these conditions, the only
means of improving degradation conditions are by affecting the degradation rates through
engineered techniques, or determining ways to optimize microbial population dynamics.
Engineering conditions within the various zones in order to increase the ability for
the available microbial consortia to degrade contaminants at higher rates of utilization
would have a significant impact on the concentration of contaminant in a zone. A’
surfacial analysis varying the rate of utilization of PCE in the anaerobic methanogenic
zone, increased degradation of PCE within the zone, but had a synergistic effect on the

contaminant concentrations in subsequent zones (figure 17 and 18).
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Figure 17 Concentration of PCE and resulting daughter products in the aqueous phase in the
anaerobic methanogenic zone under initial conditions.
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Figure 18 Concentration of PCE and resulting daughter products in the anaerobic
methanogenic zone when increasing the Vi, for PCE.

Notice that each contaminant is on a different scale. PCE is 1, TCE is 2, DCE is
3, and VCis 4. Comparing the concentrations under initial conditions (figure 17) with
contaminant concentrations when PCE V,,,, is increased, slightly raises the concentration

of the daughter products, indicating increased degradation. This analysis requires further

70




research to ensure this behavior is feasible. However, if the conditions in the zones could
be manipulated to favor microbes with faster rates of utilization, this would be another

optimization capability for the remediation manager.
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V. Conclusions and Recommendations for Further Study
" The purpose of this study was to develop a system dynamics model to reasonably
describe contaminant fate and transport within a constructed wetland. This included
determining the processes within the wetland that are most important in controlling
contaminant fate, and the combination of parameters that optimize or limit the system.

Wetlands are dynamic, complex systems. Modeling a wetland for contaminant

-removal, proved a challenging task. Confidence in the model was built through

verification and testing. Reasonable behavior resulted from a reasonable range of
parameters. The structure of the model adequately represents the mechanisms and their
interactions of the actual wetland system. Based on the 1e§el of detail presented, 'this
study provides a baseline understanding of the wetland and gives some insight for
implementation. Sensitivity testing identified the radius of aerobic influence and the
number of roots per square metef, as having the most effect on contaminant fate.

The radius of aerobic influence had a significant impact on contaminant
concentrations in the entire root zone. An increase in this parameter will result in an
increase in the éerobic ﬁaction of the root zone, which will have a direct effect on the
amount of contaminant in the root zone that is degraded aerobically or anaerobically.
The number of roots per square meter has an effect on the contaminant concentration as
more roots mean greater aerobic capacity in the root zone, which increases the aerobic
co-metabolic degradation. These parameters are useful optimization tools for the
remediation manager. Choosing plant Species that drive more oxygen into the root zone
and grow in close proximity to one another will result in a greater amount 6f aerobic

activity within the zone and consequently, increased contaminant degradation.
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The fraction of 0réanic cart)on affects the partition coefficient for each
contaminant. The higher the organic content, the longer the contaminant will stay in the
sorbed phase. The goal is to degrade the contaminant rather than contain it. This poses a
problem for any remediation project as it transfers the contaminant from one media to
another. This should be of little concerh, as the inherently long time horizon of a wetland
will insure conditions for degradation will still be in plaée when the contaminant finally
desorbs. Additionally, the sediment compositions of wetlandé typically have high
organic contents, and may tend to increase with time due to the cyclical state of biomass
growth and death.

Model Strengths

Given the model’s purpose of simulating the fundamental proce'ssés of
contaminant degradation within a constructed wetland, the model succeeds in
encapsulating the sequential degradation of PCE via microbial processes, while
establishing the appropriate level of detail required for this study to model gontarninant
fate and transport within a wetland system. Additionally, the model captures the
necessary interactions and feedback loops between mechanisms of the system. The
model closely portrays the structure of a natural system and produces behavior that is
comparable to the natural system. The model provides a means to develop a fundamental
understanding of a wetland system and the mechanisms involved. The model can also be
implemented for a variety of conditions for the reﬁediation of contaminated groundwater

in a constructed wetland.
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Model Limitations

Optimization of the degradation processes, at the current level of detail in the
model, is limited to altering the plant species and therefore the radius of aerobic influence
within the root, or the lnumber of roots per square meter, thereby increasing the aerobic
fraction of the root zone apd degrading more contaminant because aerobic degradation is
faster than anaerobic degradation. Increasing the organic content of the sediment can
increase contaminant removal via sorption. Howe{/er, there is little that can be done to
increase the rate of degradation of the microbes. Adding a level of complexity, that
details the interactions of thé microbes and specific conditions they thrive in, may derive
additional controllable parameters that could be alteréd to optimize contaminant
degradation. The controllable parameters of length, width, zone depth, and root length,
have an effect on the overall fate and transport of the contaminant, but are merely
exércises in volume manipulation to increase retention time within the zone of interest.

Including further insight into methane generation and consumption, as well as
oxygen concentration levels may improve understanding. The degradation of PCE is
dependent on methanogenic conditions and not methane itself. It may be important to
further define the anaerobic methanogenic zone by adding hydrogeﬁ dependence and
competition between the methanogens and halorespirers as evidence in the literature

suggests (Yang and McCarty, 1998). Additionally, concentration levels of oxygen in the

root zone have a direct effect on co-metabolism. This study basically recognized an

aerobic ponidn of the root zone, and did not attempt to calculate an oxygen
concentration. Doing so will provide a more accurate representation of co-metabolic

degradation and be more accurate with the literature (Semprini and McCarty, 1992). This
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model presented a general, fundamental view of the wetland system, which produces
reasonable behavior on chlorinated ethene fate and transport. The next step for this
model is to add detail in one of the following areas in order to gain a better understanding
of the system.

Recommendations for Further Study

Some hints of future research are discussed above. However, this model could
béneﬁt from additional study in the following areas:

o Build more definition into the root zone. This area wa.\s‘very difficult to
model, as there are so many complex interactions within this zone. Further
insight may be gained by better defining the aerobic and anaerobic compartments
within this zone as well as the mechanism for oxygen transport in the réot system.
Determination of the oxygen concentration will have a direct impact on aerobic
co-metabolic degradation, and the oxidation of DCE and VC could be modeled,
further affecting the contaminant concentrations in the root zone. The aerobic
compartment of the root zone has a vital role in contaminant fate.

o Further develop microbial interaction. Methane generation was very basic
in this model; further complexity may provide better insight. Methane was

- modeled as the result of methanogens consuming a very large amount of
substrate. Michaelis-Menton kinetics determined substrate consumption. The
amount of substrate was large enough so that the methanogens would always be
operating at their Vmax. Methane production was a stoichiometric byproduct of
the substrate consumption. Methane and methanogenic cond.itionsvare keystones

to the degradation process. Competitive inhibition with other electron acceptors
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‘could enhance the understanding of degfadation in the wetland. This may require

delineation of each zone into smaller zones to account for interactions that are

occurring on smaller levels.

o Further Develop the Interaction between the Fe Zone aﬂd the
Methanogenic Zone. Interactions such as competitive inhibition and zone mixing
may need to be addressed as there was e-vidence in the literature that the microbial
reduction of ferric iron (Fe(II)) to ferrous iron (Fe(ID)) can inhibit methane
production in sediments (Lovely and Phillips, 1986). The inhibition occurs

“because the ferric iron is a more effective electron acceptor for the metabolism of
acetate, which is often a substrate for methanogens. This is important because
mixing between the iron zone and the methanogenic zone could occur and iron
reduction could outcompete methanogenic food chains for organic matter. The

“absence of methane would limit co-metabolism in the aerobic zone, thereby
affecting degradation in the root zone.

o Develop the Surface Water Zone. The surface water zone is the zone from
the sediment/ water interface to the atfnosphere/ water interface. It includes the

“submerged plant stalks and biota within this zone.b This zone is really not
developed in this model. It acts as the reunion for the outflows of the aerobic root
zone compartmenf and the anaerobic root zone compartment. Biofilm
development and contaminant removal within the biofilm could be an additional
development of the model. Cbntaminant volatilization may be another avenue to

explore within this zone.
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This study provided an initial model of the wetland system at its most basic and
general level. The next step in the system dynamics proceés would be to research some
of the areas discussed above' and develop the necessary relationships, at the appropriate
level of detail, to provide an increased uﬁderstanding of the wetland system and to
provide a better tool for a remediation manager.

Final Assessment of the Thesis Effort

Contaminant fate and transport within a wetland system is an extremely complex
| and dynamic process. The entities and me;:hanisms 'that drive wetland behavior aré
dynamic. Understanding the system through the use of a model is an ideal approach.
The system dynamics paradigm lends itself nicely to such a challenging system, as it
yields insight into the behavior of the overall system. By constructing the model and
performing simulations with the model, one learns and begins to understand ﬂle
complexity of the system, the interactions, interdependencies, and feedback loops and
how they are all tied together to comprise the system.
The system dynamics process is favored over other modeling processes for this
study as it develops insigﬁt to the behavior of the system as a whole versus one influential
mechanism in the system. As a result, a remediation manager can use this model to
explore system behavior by controlling or optimizing specific parameters to better

manage contaminant fate and transport in a constructed wetland, saving time and

resources.
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Appendix B

Model Equations

Hydrology

CW_Water_Volume(t) = CW_Water_Volume(t - dt) + (CW_Influent_Rate - CW Effluent_Rate -
CW_Evap_and_Precip_Rate) *dt

INIT CW_Water_Volume = 688

DOCUMENT: Initial value is based on ﬁ.llly saturated wetland at tlme equal zero, with no surface
water present

INFLOWS:

CW _Influent_Rate = Groundwater_Flow

OUTFLOWS:

CW_Effluent_Rate = IF((CW_Influent Rate-CW_Evap_and_Precip_Rate>=0)
AND(CW_Water_Volume>Initial CW_Water_Volume)) THEN(CW_Influent_Rate-
CW_Evap_and_Precip_Rate) ELSE(0) '
CW_Evap_and_Precip_Rate = (8*.8*.001-(Storm_Intensity*.001))*CW_Surface_Area
DOCUMENT: The evaporation an precipitation rates for a wetland is represented by .8 times the
Class A pan evaporation from an adjacent open site plus the rainfall that falls directly on the
wetland. The Class A pan evaporation rate of 8mm/day is assumed. The quantity is converted to
meters cubed per day based on the surface of the wetland (Mudgett, 1995).

Conversion = 6.3090E-5*3600
Groundwater Flow = 75*Conversion
DOCUMENT: Expressed in meters cubed per day, based on75 gallon per minute flowrate.

Hydraulic_Retention_Time = CW_Water_Volume/CW_Influent Rate
Storm_Intensity = GRAPH(PULSE(TIME))
(0.00, 0.00), (10.0, 0.00), (20.0, 0.00), (30.0, 0.00), (40.0, 0.00), (50.0, 0.00), (60.0, 0.00), (70.0,

0.00), (80.0, 0.00), (90.0, 0.00), (100, 0.00)
DOCUMENT: The purpose of this graph is to allow vanable or constant input of precipitation to

the system. For this study, rainfall will not be considered.

 Iron Reduction in Anaerobic Zone

AQ Cont_in_Fe_ Zone[Contaminant](t) = AQ_Cont_in_Fe_Zone[Contaminant](t - dt) +
(Cont_Flow_to_Fe Zone[Contaminant] + Cont_Formation_in_Fe_Zone[Contaminant] -
Cont_Flow_to_RZ[Contaminant] - Fe_Reduction[Contaminant] -

Sorption_in_Fe Zone[Contaminant]) * dt

INIT AQ _Cont_in_Fe_Zone[Contaminant] = 0

INFLOWS:
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Cont_Flow_to_Fe Zone[Contaminant] =

IF(Fe_Zone Water_Volume>0)THEN(BulkFlow_to_Fe_Zone[Contaminant])ELSE(0)
Cont_Formation_in_Fe_Zone[PCE] =

IF(Fe_Zone Water Volume—O)THEN(O)ELSE(Fe Reduction[PCE]*MW_Cont[PCE}/MW_Cont[
PCE]*Fe_ St01ch[PCE])

Cont_Formation_in_Fe_Zone[TCE] =

IF(Fe_Zone_Water Volume—O)THEN(O)ELSE(Fe Reduction[PCE]*MW_Cont[TCE]/MW_Cont[
PCE]*Fe__ St01ch[TCE])

Cont_Formation_in_Fe_Zone[DCE] =

IF(Fe_Zone_Water Volume-O)THEN(O)ELSE(Fe Reduction[ TCE]1*MW_Cont[DCE}/MW_Cont[
TCE]*Fe_ St01ch[DCE])

Cont_Formation_in_Fe Zone[VC] =

IF(Fe_Zone_Water Volume—O)THEN(O)ELSE(Fe Reduction[DCE]*MW _ Cont[VC]/MW Cont[
DCEJ*Fe_ St01ch[VC])

-OUTFLOWS:

Cont_Flow_to_RZ[Contaminant] = AQ_Cont__ Conc _Fe[Contaminant]*Groundwater_Flow

Fe Reductlon[PCE]

IF(Fe_Zone Water Volume=0)THEN(0)ELSE(Fe_Vmax[PCE]*AQ_Cont_Conc_Fe[PCE]}/(Fe_K
m[PCE]+AQ_Cont_Conc_Fe[PCE]))

Fe Reduction[TCE] =

IF(Fe_Zone_ Water Volume—'O)THEN(O)ELSE(Fe Vmax[TCE]*AQ_Cont_Conc_Fe[TCE]/(Fe_K
m[TCE]+A(LCont_Conc_Fe[TCE]))

Fe_Reduction[DCE] =
IF(Fe_Zone_Water_Volume=0)THEN(0)ELSE(Fe_Vmax[DCE]/Fe_Km[DCE]*AQ_Cont_Conc_
Fe[DCE])) '

Fe ReductionfVC] = :

IF(Fe_Zone_ Water Volume=0)THEN(0)ELSE(Fe_Vmax[VC]*AQ_Cont_Conc_Fe[VC}/(Fe_Km[
VCJ]+AQ _Cont_Conc_Fe[VC]))

Sorption_in Fe_ Zone[Contaminant] = IF(Fe_Zone_Water_Volume=0) THEN(0)
ELSE(Fe_Zone_Conc_Grad[Contaminant]) ‘

Methane in_Fe Zone(t) = Methane_in_Fe Zone(t - dt) + (Methane_Flow_from_ANZ -
Methane Flow _to_Aero_RZ - Methane_Flow_to_Anaero_RZ) * dt

INIT Methane _in_Fe Zone=0

INFLOWS:
Methane_F low_from_ANZ = Methane_Flow_to_Fe_Zone

OUTFLOWS:

Methane Flow_to_Aero_RZ = Groundwater_Flow*Methane_Conc_in_Fe_Zone

Methane Flow_to_Anaero_RZ = Groundwater_Flow*Methane_Conc_in_Fe_Zone

Sorbed Cont_in_Fe_Zone[Contaminant](t) = Sorbed_Cont_in_Fe_Zone[Contaminant](t - dt) +
(Sorption_in_Fe_Zone[Contaminant]) * dt _

INIT Sorbed_Cont_in_Fe_Zone[Contaminant] =0
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INFLOWS:

Sorption_in_Fe_Zone[Contaminant] = IF(Fe_Zone_Water_Volume=0) THEN(0)
ELSE(Fe_Zorie_Conc_Grad[Contaminant]) :
AQ_Cont_Conc_Fe[Contaminant] =

IF(F e_Zone_Water_Volume>0)THEN(AQ_Cont_in_Fe_Zone[Contaminant]/F e Zone_Water_Vol
ume)ELSE(0)

Conc__Sorbed_Cont_in_Fe_Zone[Contaminant] =

IF(F e__Sediment_Mass>O)THEN(Sorbed_Cont_in_Fe_Zone[Contaminant]/Fe__Sediment_Mass)EL
SE(0) :

Cont_Kr Fe_Zone[Contaminant] = 1

Fe_Conv_Factor = 10(-6) '

DOCUMENT: Converts Fe Vmax and Fe Km from umol/Lday to mol/Lday

Fe_Km[PCE] = 1*Fe_Conv_Factor

Fe_Km[TCE] = 1*Fe_Conv_Factor

Fe_Km[DCE] = 1*Fe_Conv_Factor

Fe Km[VC] = 1.3*Fe_Conv_Factor ,
DOCUMENT: Values from Bradley and Chapelle, 1997

Fe_Stoich[PCE] =0

Fe_Stoich[TCE] =0

. Fe_Stoich[DCE] =0

Fe Stoich[VC] =1

Fe_Vmax[PCE] = 0*Fe_Conv_Factor

Fe_Vmax[TCE] = 0¥*Fe_Conv_Factor

Fe_Vmax[DCE] = .6*Fe_Conv_Factor

Fe_Vmax[VC] =.76*Fe_Conv_Factor :

DOCUMENT: Values from Bradley and Chapelle, 1997, expressed in umol/Ldays

Fe_Zone_Conc_Grad[Contaminant] =

Cont_Kr Fe_ Zone[Contaminant]*(C ont Kd_Fe Zone[Contaminant]*AQ_Cont_C onc_Fe[Contam
inant]-Conc_Sorbed_Cont_in_Fe_Zone [Contaminant])

Methane Conc_in_Fe_Zone =

if(F e_Zone__Water__Volume=0)then(0)else(Methane__in_Fe__Zone/F e_Zone_Water_Volume)

Methanogenic Zone

Aqueous_Cont_in_ANZ[Contaminant](t) = Aqueous_Cont_in_ANZ[Contaminant](t - dt) +
(Bulk_Water_Inflow_ANZ[Contaminant] + Anaerobic_Formation_in_ANZ[Contaminant] -
Sorption_in_ ANZ[Contaminant] - Anaerobic_Degradation_in_ANZ[Contaminant] -
BulkFlow _to_Fe Zone[Contaminant]) * dt :

INIT Aqueous_Cont_in_ANZ[Contaminant] = 0

INFLOWS:
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Bulk_Water_Inflow ANZ[Contaminant] =
Groundwater Flow*(Int GW_Cont_Conc[Contaminant]/MW_Cont[Contaminant])

Anaerobic_Formation_in ANZ[PCE]

0* Anaerobic_Degradation_in ANZ[PCE]*MW_ Cont[PCE]/MW Cont[PCE]*ANZ_Stoich[PCE]
Anaerobic_Formation_in ANZ[TCE] =

Anaerobic Degradation in ANZ[PCE]*MW__Cont[TCE]/MW_Cont[PCE]*ANZ_Stoich[TCE]
Anaerobic_Formation_in_ ANZ[DCE] =

Anaerobic Degradatlon in ANZ[TCE]*MW_Cont[DCE}/MW_Cont[TCE]*ANZ_Stoich[DCE]

Anaerobic_Formation_in ANZ[VC] =
Anaerobic_Degradation_in_ANZ[DCE]*MW_Cont[VC]/MW_Cont[DCE]*ANZ_Stoich[VC]

OUTFLOWS:

Sorption_in_ ANZ[Contaminant] = Sorption_Conc_Grad_ANZ[Contaminant]
Anaerobic_Degradation_in ANZ[PCE] =

IF(Methane_Conc_in ANZ>0)THEN(ANZ_Vmax[PCE]*AQ_Cont_ANZ_Conc[PCE}/(ANZ_Km
[PCE]+AQ_Cont_ANZ_Conc[PCE]))ELSE(0)

DOCUMENT: Calculates the degradation of each incoming contaminant. Process will only occur
if methane is being produced in the anaerobic zone, indicating that the conditions are present which
reductive dehalogenation can occur.

Anaerobic Degradatlon in_ ANZ[TCE] =

IF(Methane_Conc_in_ ANZ>0)THEN(ANZ_Vmax[TCE]*AQ_Cont_ANZ_Conc[TCE}/(ANZ_Km
[TCEJ+AQ_Cont ANZ Conc[TCE]))ELSE(O)

Anaerobic Degradatlon in ANZ[DCE] = '

IF(Methane Conc_in_ ANZ>0)THEN(ANZ Vmax[DCE]*AQ_Cont ANZ Conc[DCE]J/(ANZ K
m[DCE]+AQCont_ANZ__Conc[DCE]))ELSE(O)

Anaerobic_Degradation_in ANZ[VC] = IF(Methane_Conc_in_ANZ>0)
THEN((ANZ_Vmax[VC]*AQ_Cont ANZ_ Conc[VC])/(ANZ__ Km[VC]+AQ Cont_ANZ Conc[V
CD)

ELSE(0) '

BulkFlow to_Fe Zone[Contammant] Groundwater Flow*AQ Cont_ANZ Conc[Contaminant]
Methane_Anaeroblc_Zone(t) Methane Anaerobic_Zone(t - dt) + (Methane Production_Rate -
Methane Flow_to Fe Zone) * dt

INIT Methane Anaerobic_Zone =0

INFLOWS:
Methane Production_Rate = Methane_Stoich*Consumption

OUTFLOWS:

Methane Flow_to_Fe_Zone = Groundwater Flow*Methane Conc_in ANZ
Organic_Substrate(t) = Organic_Substrate(t - dt) + (- Consumption) * dt
INIT Organic_Substrate = 10"12

OUTFLOWS:
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Consumption = Methane_Vmax*Organic_Substrate/(Methane_Km+Organic_Substrate)
Sorbed Cont ANZ[Contaminant](t) = Sorbed_Cont ANZ[Contaminant](t - dt) +
(Sorption_in_ANZ[Contaminant]) * dt

INIT Sorbed_Cont_ANZ[Contaminant] =0

INFLOWS:

Sorption_in_ANZ[Contaminant] = Sorptlon Conc_Grad ANZ[Contammant]
ANZ Km[PCE] = 1*Km_conv_Factor

ANZ Km[TCE] = 5*Km_conv_Factor

ANZ Km[DCE] =40*Km_conv_Factor

ANZ Km[VC]=40*Km_conv_Factor

DOCUMENT: Values from Tandol et al, 1994, expressed in umol/100mL

ANZ_Stoich[PCE]=1

ANZ Stoich[TCE] =1

ANZ Stoich[DCE] =1

ANZ Stoich[VC] =1

ANZ Vmax[PCE] = 1.25*Vmax_Conv_Factor

ANZ Vmax[TCE] = 4*Vmax_Conv_Factor

ANZ Vmax[DCE] = 2.5%¥Vmax_Conv_Factor

ANZ Vmax[VC] =4.5*Vmax_Conv_Factor

DOCUMENT: Values from Tandol et al, 1994, expressed in umol/h

AQ Cont_ANZ_Conc[Contaminant] =

Aqueous_Cont_in_ ANZ[Contaminant]/Meth_Zone_Water_Vol
Cont_Kr[Contaminant] = 50

Int GW_Cont_Conc[PCE] =

DOCUMENT: Groundwater concentration of contaminant converted to mg/L

Int GW_Cont_Conc[TCE] =0

Int GW_Cont_Conc[DCE] =0

Int. GW_Cont_Conc[VC] =0

Km_conv_Factor = 10"(-2)

DOCUMENT: Converts Km to mol/l to be consistent with incoming concentration units.

Methané Conc_in_ANZ = Methane_Anaerobic_Zone/Meth_Zone_Water_Vol

Methane_Km = .25
DOCUMENT: Values based on literature from Semprini and McCarty, 1991

Methane Stoich =1
Methane Vmax = 500
DOCUMENT: Values from Semprini and McCarty, 1991.

MW _Cont[PCE] =165.8
DOCUMENT: Molecular weights of all contaminants expressed in mg/mol
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MW_Cont[TCE] = 131.5

MW _Cont[DCE] =97

MW _Cont[VC] = 62

Sorbed_Conc_ANZ[Contaminant] = Sorbed_Cont_ANZ[Contaminant]/ANZ_Sediment_Mass
Sorption_Conc_Grad_ANZ[Contaminant] =
Cont_Kr[Contaminant]*(Cont_Kd[Contaminant]*AQ_Cont_ANZ_Conc [Contaminant]-
Sorbed_Conc_ANZ[Contaminant])

Vmax_Conv_Factor = 24*10(-6)

DOCUMENT: Converts units of Vmax to mol/d to be consistent with incoming concentration.

Root Zone Aerobic Sector

Aqueous_Cont_Root_Zone[Contaminant](t) = Aqueous_Cont_Root_Zone[Contaminant](t - dt) +
(Bulk__Flow_from_Fe_Zone[Contaminant] + ’
Contaminant_Formation_in_RZ_Anaero[Contaminant] -

Bulk_Flow_to_Surface Water[Contammant] Sorption_Rate[Contaminant] -

Aerobic Deg_in_RZ[Contaminant]) * dt

INIT Aqueous_Cont_Root_Zone[Contaminant] = 0

INFLOWS:

Bulk_Flow_from_Fe_Zone[Contaminant] =

IF(Fe_Zone Water_Volume>0)THEN(Aerobic_Fraction*Cont_Flow_to_RZ[Contaminant])ELSE(
Aerobic_Fraction*BulkFlow_to_Fe_Zone[Contaminant])
Contaminant_Formation_in_RZ_Anaero[PCE] =

Anaerobic Deg in RZ[PCE]*MW Cont[PCE]/MW_ Cont[PCE]*RZ Stoich[PCE]* Aerobic_Fract
ion

Contaminant_Formation_in_RZ_Anaero[TCE] =

Anaerobic_Deg_in RZ[PCE]*MW Cont[TCE)/MW _Cont[PCE]*RZ Stmch[TCE]*Aeroblc Fract
ion

" Contaminant_Formation_in_RZ_Anaero[DCE] =

Anaerobic_Deg_in RZ[TCE]*MW_Cont[DCE}/MW_Cont[TCE]*RZ_Stoich[DCE]*Aerobic_Frac
tion

Contaminant_Formation_in_RZ _AnaerofVC] =

Anaerobic_Deg_in RZ[DCE]*MW_Cont[VC)/MW_Cont[DCE]*RZ_Stoich[VC]*Aerobic_Fracti
on ,

OUTFLOWS:

Bulk_Flow_to_Surface_Water[Contaminant] =
Aqueous_Conc_RZ[Contaminant]*Groundwater_Flow

Sorption_Rate[Contaminant] = RZ_Conc_Grad[Contaminant}

Aerobic_Deg_in_RZ[Contaminant] =

(Aerobic_Vmax[Contaminant]* Aqueous_Conc_RZ[Contaminant]/(Aerobic_Km[Contaminant]+A
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queous_Conc_RZ[Contaminant]+Aerobic_Km[Contaminant]*Aero_RZ_Methane_Conc/Methane_
Km))

DOCUMENT: Represents co-metabolic transformation under aerobic conditions. Methane is the
primary substrate and in the process of degrading methane, the enzyme MMO is produced. MMO
can fortuitously transform chlorinated alkenes with no benefit to the organisms. Methane can be a
competitive inhibitor in this process as it's concentration increases the rate of degradation of the
contaminant will decrease. (Semprini and McCarty, 1992)

Methane in Aero RZ(t) = Methahé_in_Aero_RZ(t - dt) + (Methane_Flow_from_Fe_Zone) * dt
‘ INIT Methane_in_Aero RZ=0

INFLOWS:

Methane_Flow_ﬁ'om_Fe_Zone = Methane Flow_to_Aero_RZ

Sorbed_Phase_RZ[Contaminant](t) = Sorbed_Phase_RZ[Contaminant](t - dt) +
(Sorption_Rate[Contaminant]) * dt

INIT Sorbed_Phase_RZ[Contaminant] = 0

INFLOWS:

Sorption_Rate[Contaminant] = RZ_Conc_Grad[Contaminant]
Aerobic_Conv_Factor = 10(-6)
DOCUMENT: Converts Aerobic Vmax and Km to mol/Lday

Aerobic Km[PCE] = 1*Aerobic_Conv_Factor

Aerobic Km[TCE] = 1*Aerobic_Conv_Factor

Aerobic Km[DCE] = 12.1*Aerobic_Conv_Factor

Aerobic Km[VC] = 12.8* Aerobic_Conv_Factor

DOCUMENT: Values from Bradley and Chapelle, 1998, expressed in umol/Lday.

Aerobic_Vmax[PCE] = 0* Aerobic_Conv_Factor
Aerobic_Vmax[TCE] = .995* Aerobic_Conv_Factor
DOCUMENT: Values from Lontoh and Semrau, 1998, expressed in umol/Lday.

Aerobic_Vmax[DCE] = 5.1* Aerobic_Conv_Factor
Aerobic_ Vmax[VC] = 12.4*Aerobic_Conv_Factor |
DOCUMENT: Values from Bradley and Chapelle, 1998, expressed in umol/Lday.

Aero_RZ Methane_Conc = Methane_in_Aero_RZ/Root_Zone_Water_Volume

Aqueous_Conc_RZ[Contaminant] =
(Aqueous_Cont_Root_Zone[Contaminant]/Root_Zone_Water_Volume)
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RZ Conc_Grad[Contaminant] =
Cont_Kr[Contaminant]*(Cont_. Kd[Contammant]*Aqueous Conc RZ[Contammant]
Sorbed_Conc_RZ[Contaminant])

Sorbed_Conc_RZ[Contaminant] = Sorbed_Phase_RZ[Contaminant]/Root_Zone_Sediment_Mass

Root Zone Anaerobic Sector

Aqueous_Cont Root_Zone_2[Contaminant](t) = Aqueous_Cont_Root_Zone_2[Contaminant](t -
dt) + (Cont_Formation_in_RZ[Contaminant] + Flow_from_Fe_Zone[Contaminant] -

Bulk_Flow to_Surface Water_2[Contaminant] - Sorption_Rate_2[Contaminant] -
Anaerobic_Deg_in_RZ[Contaminant]) * dt

INIT Aqueous_Cont_Root_Zone_2[Contaminant] = 0

INFLOWS:
. Cont_Formation_in RZ[PCE] =
Anaerobic_Deg_in RZ[PCE]*MW_Cont[PCE]J/MW _ Cont[PCE]*RZ Stmch[PCE]*Anaeroblc Fr

action

Cont_Formation_in_RZ[TCE] =
Anaerobic Deg_in_RZ[PCEI*MW_Cont{TCE}/MW_Cont[PCE]*RZ_Stoich[TCE]* Anaerobic_Fr

action

Cont_Formation_in_RZ[DCE] =
Anaerobic_Deg_in_RZ[TCE]*MW_Cont[DCE}/MW_Cont[TCE]*RZ _ Stoxch[DCE]*Anaeroblc F

raction

Cont_Formation_in_RZ[VC] =
Anaerobic_ Deg_in RZ[DCE]*MW_Cont[DCE}/MW_Cont[VC]*RZ_ Stmch[VC]*Anaeroblc Frac

tion

Flow_from_Fe_ Zone[Contaminant] =
Anaerobic_Fraction*Bulk_Flow_from_Fe Zone[Contaminant]

~ OUTFLOWS:
Bulk_Flow_to_Surface Water 2[Contaminant] =
Aqueous_Conc_RZ_Z[Contam_inant]*Groundwater_Flow

Sorption_Rate 2[Contaminant] = RZ_Conc_Grad_2[Contaminant]
Anaerobic_Deg_in_RZ[PCE] =

IF(Anaero RZ Methane_Conc>0)THEN((ANZ_Vmax[PCE]*Aqueous_Conc_RZ_2[PCE}J/(ANZ_
Km[PCE]+Aqueous_Conc_RZ 2[PCE])))ELSE(0)
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Anaerobic_Deg_in RZ[TCE] = ‘
IF(Anaero_RZ_Methane_Conc>0)THEN((ANZ_Vmax[TCE] *Aqueous_Conc_RZ 2[TCE]/(ANZ_
Km[TCE]+Aqueous_Conc_RZ_2[TCE])))ELSE(0)

Anaerobic_Deg_in RZ[DCE] =

IF(Anaero_RZ_Methane_Conc>0)THEN((ANZ_Vmax[DCE] *Aqueous_Conc_RZ 2[DCE]/(ANZ
_Km[DCEJ+Aqueous_Conc_RZ_2[DCE])))ELSE(0)

Anaerobic_Deg_in_RZ[VC] =
IF(Anaero_RZ_Methane_Conc>0)THEN((ANZ_Vmax[VC]*Aqueous_Conc_RZ 2 [VCI/(ANZ K
m[VC]+Aqueous_Conc_RZ_2[VC])))ELSE(0)

Methane in Anaero_RZ(t) = Méthane_in_Anaero__RZ(t - dt) + (Methane_Flow_from_Fe_Zone 2
+ Methane Formation_in_RZ) * dt _ '

INIT Methane_in_Anaero_RZ =0

INFLOWS:
Methane Flow_from Fe Zone_ 2 = Methane_Flow_to_Anaero_RZ

Methane Formation_in_RZ = ConsumptionRZ*Methane_Stoich_2

Organic_Substrate_in_RZ(t) = Organic_Substrate_in_RZ(t - dt) + (- ConsumptionRZ -
Methane Formation_in_RZ) * dt

INIT Organic_Substrate_in_RZ = 1012

OUTFLOWS:

ConsumptionRZ =

Methane Vmax*Organic_Substrate_in_RZ/(Methane_Km+Organic_Substrate_in_RZ)
Methane Formation_in_RZ = ConsumptionRZ*Methane_Sfoich_Z

Sorbed_Phase RZ_2[Contaminant](t) = Sorbed_Phase RZ 2[Contaminant](t - dt) +
(Sorption_Rate 2[Contaminant]) * dt

INIT Sorbed Phase RZ 2[Contaminant] =0

INFLOWS:
Sorption_Rate 2[Contaminant] = RZ_Conc_Grad_2[Contaminant]

Anaero RZ_Methane Conc = (Methane_in_Anaero_RZ/Root_Zone_Water_Volume)

~ Aqueous_Conc_RZ 2[Contaminant] =
(Aqueous_Cont_Root_Zone_2[Contaminant]/Root_Zone_Water_Volume)
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Methane Stoich_2=1

RZ Conc_Grad 2[Contaminant] =
Cont Kr[Contammant]*(Cont Kd[Contaminant]* Aqueous_ Conc RZ _ 2[Contaminant]-

Sorbed_Conc_RZ_2[Contaminant])

RZ_Stoich[PCE] =1
RZ_Stoich[TCE] = 1
RZ_Stoich[DCE] =1
RZ_Stoich[VC] =1

Sorbed Conc_RZ 2[Contaminant] =
Sorbed Phase_RZ_2[Contaminant]/Root Zone Sedlment Mass

Sorption

Cont Kd[Contammant] = 10°(.72*LOG10(Cont_Kow[Contaminant])+LOG10(Fraction_OC)+.49)
DOCUMENT: Calculation for sorption partition coefficient in sediment with the exception of the
iron reduction layer. Based on similar studies by Schwarzenbach and Westall, 1981

Cont_ Kd_Fe Zone[Contaminant] =

107(. 72*LOG10(Cont Kow[Contam1nant])+LOG10(Fractlon OC _in__ Fe Zone)t+.49)
DOCUMENT: Calculation for sorption partition coefficient in iron reduction layer. Based on
similar studies by Schwarzenbach and Westall, 1981.

Cont_Kow[Contaminant] = 2.6
DOCUMENT: Octanol/ water coefficients for each contaminant.

Fraction_OC = .62
DOCUMENT: Organic carbon fractlon in soil based on laboratory analysis.

Fraction OC in_Fe _Zone =.3
DOCUMENT: Organic carbon fraction of iron reducing layer based on laboratory analysis.

Surface Water

Ageuous_Cont_in_Surface_ Water[Contaminant](t) =
Aqeuous_Cont_in_Surface_Water[Contaminant](t - dt) + (Flow_from_RZ[Contaminant]) * dt

INIT Ageuous_Cont_in_Surface_Water[Contaminant] =
INFLOWS:

Flow_from_RZ[Contaminant] =
Bulk_Flow to_Surface Water[Contaminant]}+Bulk_Flow_to_Surface_Water_2[Contaminant]
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Wetland Physical Parameters

Aerobic_Area_per_Root = PI*((AvgRoot_. Dlameter+2*Rad1us of Aerobic_Influence)/2)"2-
PI*(AvgRoot Diameter/2)"2

Aerobic_Fraction = Total_Aerobic_Area/Total_Active_Area
Anaerobic_Fraction = 1-Aerobic_Fraction

ANZ_Sediment Mass = CW_Surface_Area*Methanogenic_Zone_Depth-Meth_Zone_Water_Vol
DOCUMENT: Volume of sediment in the anaerobic methanogenic zone

AvgRoot Diameter = .0672
DOCUMENT: This parameter represents the entire root ball as a single root. All of the plants are
assumed to be homogeneous and share the same conditions throughout the wetland. Assumed to be

3", Units in meters.

Avg Root_Length =.3048
DOCUMENT: The average maximum depth for each root. Assumed to be 12". Units in meters.

CW _Design Depth =
Root_Zone_Depth+Fe_Zone_Depth+Methanogenic_Zone_Depth+Surface_Water_Design_Depth
DOCUMENT: Constructed wetland depth is the total water depth of the wetland. It includes the
depth of the water in the sediment and the depth of the surface water. The depth of the sediment is

~ constant and the depth of the surface water is also constant as it is controlled by the outflow weir in
the actual constructed wetland. Units are in meters.

CW _Design_Length =42.672
DOCUMENT: Length of the constructed wetland, expressed in meters, equivlent to 180'.

CW _Design_Width = 18.288
DOCUMENT: The design width of the: constructed wetland, expressed in meters, equivalent to 60".

CW_LW _Ratio = CW_Design_Length/CW_Design_Width
CW _Surface_Area=CW_Design_Length*CW_Design_Width

Fe_Sediment_Mass = CW_Surface_Area*Fe_Zone_Depth-Fe_Zone_Water_Volume
DOCUMENT: Volume of sediment in the iron zone

Fe Zone_Depth = .4572
DOCUMENT: The iron reducing layer is initially set at 18", and is converted to meters.

Fe Zone_Porosity =.5
DOCUMENT: Porosity of the iron reducing layer.
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Fe Zone Water_Volume = CW_Surface_Area*Fe_Zone_Depth*Fe_Zone_Porosity

Initial CW_Water_Volume =
CW Design_Depth*CW_Design_Length*CW_Design_Width*Sediment_Porosity

Methanogenic_Zone_Depth = .4572

DOCUMENT: Sediment depth is the depth of soil in the constructed wetland. It is the overall
depth of the sediment, including the iron reducing layer. Initial conditions are for 12" of hydric
soil, followed by 18" of Fe rich soil, followed by an additional 18" of hydric soil. Units are

converted to meters. '
Meth_Zone Water_Vol = CW_Surface_Area*Methanogenic_Zone_Depth* Sediment Porosity
Number Roots_per_sq_m = 1000

Plant_Population = Plant_Volume/(PI*(Plant_Radius"2)*Surface_Water_Depth)

DOCUMENT: Estimates the number of plant stalks based on volume of surface water and porosity
due to vegetation. This values allows us to estimate the available surface area for microbial
population associated with the vegetation. Units are in meters squared.

Plant Porosity = .75

DOCUMENT: The ratio of the volume of surface water to the total water volume including the
vegetation within the surface water. Range 0.30 - 0.95, (Shelley and Mudgett, 1999). Unitless. |

Plant Radius = .007 v
DOCUMENT: Average radius of plant stalks.

Plant_Surface_Area = 2*PI*.007*Surface_ Water Depth*Plant_Population

DOCUMENT: The plant surface area will change with changing surface water volume and depth.
It is based on the average plant stalk diameter of .014 meters. Units are in meters squared.
Plant_Volume = Sufface_Water_Volume-Plant_Porosity* Surface_Water_Volume

DOCUMENT: The volume of plants taking up space within the surface water volume. It is
dependent on the plant porosity and the surface water volume. Units are meters cubed.

Radius_of Aerobic_Influence = .005
DOCUMENT: Radius from root with aerobic influence.

Root_Surface_Area = _ :
PI*(AvgRoot_Diameter/2)"2*Avg_Root_Length*Number_Roots _per_sq m*CW_Surface_Area

Root_Zone_Depth = Avg_Root_Length

Root_Zone Porosity = .65
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Root_Zone_Sediment_Mass = Total Active_Area*Avg_Root Length

Root_Zone_Water_Volume = Avg Root_Length*CW_Surface_Area*Root Zone _Porosity
DOCUMENT: Volume of water in root zone including root biomass.

Sediment Porosity = .5
DOCUMENT: Mineral soils generally range from 45% to 55% total pore space (Mitsch and
Gosselink, 1993)

Surface Water Depth = (Surface_Water_Volume+Plant_Volume)/CW_Surface_Area
Surface_ Water_Design_Depth = .0254

DOCUMENT: This is a management parameter which has been designed into the constructed
wetland, outflow can be controlled to achieve the desired surface water depth. The maximum
desired depth of the surface water, .1524 meters (6").

Surface_Water Volume = CW_Surface_Area*Surface_Water_Design_Depth

Total_Active_Area = Number_Roots_per_sq m* CW _Surface_Area*PI*(AvgRoot_Diameter/2)"2-
CW _Surface Area

Total_Aerobic_Area = Aerobic_Area_per_Root*CW_Surface_Area*Number_Roots_per_sq_m

Not in a sector
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